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1. WSTEP

Alkohole to klasa zwigzkéw organicznych, ktére stoja w centrum zainteresowania wielu
dziedzin nauki, ze wzgledu na ich niezwykte wtasciwosci fizykochemiczne, a takze z powodu
duzego znaczenia w przemysle. Wspomniane witasnosci sg3 wynikiem obecnosci w ich
strukturze grupy hydroksylowej (-OH), ktora potaczona jest z atomem wegla o hybrydyzacji
sp®. Jej obecno$é sprawia, iz alkohole cechujg sic mozliwoscia tworzenia specyficznych
oddziatywan miedzyczasteczkowych, a mianowicie — wigzan wodorowych.

Wiazanie wodorowe to rodzaj oddziatywania miedzyczasteczkowego, w ktorym atom
wodoru grupy protonodonorowej oddziatuje z wolng para elektronowg atomu akceptora.
Mozliwo$¢ tworzenia oddziatywania wynika z faktu, iz wigzanie kowalencyjne grupy
protonodonorowej jest spolaryzowane — atom wodoru staje si¢ centrum tadunku dodatniego,
w zwigzku z czym mozliwe jest ,,przycigganie” elektronow grupy akceptorowej (Rysunek 1).

O+

x_ H ..................... Y

Rysunek 1. Schemat wigzania wodorowego.

Wiazanie wodorowe jest typem specyficznego oddziatywania, co wynika z pewnych
uwarunkowan, m.in. wymienionych wcze$niej warunkow polaryzacji  wigzania
kowalencyjnego grupy X-H oraz dysponowania wolng parg elektronowa przez atom Y.
Dodatkowo konieczne jest, aby atomy X 1 Y posiadaty silnie elektroujemny charakter, dlatego
role donoréw protonéw odgrywaja najczesciej grupy -OH, -NH, -SH, czy -XH (X = atom
fluorowca), a akceptorami protonu sg atomy takie jak: F, O, N, S, X, a takze molekuty
posiadajagce w swojej strukturze wigzania wielokrotne (podwojne, potrdjne, czy uktady
aromatyczne). Co wigcej, atomy X 1 Y musza posiada¢ mate promienie kowalencyjne, gdyz
konieczne jest zblizenie si¢ do siebie grupy X-H i1 atomu Y na dostatecznie mate odleglosci.

Istnieje wiele sposobow klasyfikacji omawianych oddziatywan. Rozpatrujac réznice w
elektroujemnosciach atomow X 1Y, wigzania wodorowe mozemy podzieli¢ na symetryczne lub
asymetryczne (w zalezno$ci od odpowiednio braku Iub wystgpowania rdéznic w
elektroujemnosciach atomow) [1]. Dodatkowo, w zaleznosci od tego, z iloma atomami
polaczony jest atom wodoru wyrdzniamy wigzania dwucentrowe, trzycentrowe, a nawet
czterocentrowe [2]. Natomiast jednym z najbardziej popularnych i1 najczesciej stosowanych

kryterium jest sita tworzacego si¢ wigzania wodorowego. Mozemy wyrdzni¢ zatem (i) silne



wiazania wodorowe, ich energia jest wicksza niz 15 kcal mol’!, (ii) oddziatywania $rednie;
mocy — w zakresie energii 4-15 kcal mol!, oraz (iii) stabe wigzania wodorowe o sile mniejszej
niz 4 kcal mol! [3]. Specyficzno$é wigzania wodorowego moze prowadzi¢ do zmian
wystepujacych w wigzaniu X-H, co przejawia¢ si¢ bedzie odmienng charakterystyka
spektralng. Z tego powodu wigzania te dzielimy na konwencjonalne wigzania wodorowe, w
ktoérych obserwuje si¢ przesunigcie czesto$ci drgan rozciggajacych grupy X-H w kierunku
nizszych wartos$ci liczb falowych, tzw. red shift. Efekt ten wynika z wydluzenia i ostabienia
wigzania 1 dotyczy klasycznych wigzan wodorowych. Do odwrotnej sytuacji dochodzi w
przypadku niekonwencjonalnych wigzan wodorowych, gdzie czesto$¢ pasma pochodzacego od
drgan rozciagajacych X-H przesuwa si¢ ku wyzszym warto$ciom (blue shift) [4].

Mozliwo$¢ tworzenia wigzan wodorowych przez czasteczki alkoholu sprawia, iz
zwigzki te ulegaja procesowi asocjacji, w ktérym molekuty lacza si¢ ze soba, tworzac
asocjaty/agregaty. Nalezy wspomnie¢, ze alkohole nie sg jedynymi zwigzkami asocjacyjnymi.
Zjawisku temu ulega takze m.in. woda, kwasy karboksylowe, aminy, czy amidy. Na sam proces
asocjacji wplyw moze mie¢ wiele czynnikow, np. struktura molekularna zwigzkow
asocjujacych [5-8], temperatura [9—12], ci$nienie [12—16] czy dodatek rozpuszczalnikow [17—
19]. Natomiast alkohole sg interesujagcym przyktadem, gdyz mozemy je rozpatrywac jako
molekuly amfifilowe posiadajgce polarng (grupa hydroksylowa, -OH) i niepolarng (tancuch
alifatyczny, uktad aromatyczny) cz¢s¢ w swoich strukturach. Dlatego tez, modyfikacja ich
struktury polegajaca na zmianie dtugos$ci tancucha alifatycznego, liczby czy poloZenia grup
hydroksylowych, przytaczenia innych grup funkcyjnych prowadzi do zmian w tworzacych si¢
oddziatywaniach specyficznych. Jako przyktad moga postuzy¢ tu dlugotancuchowe alkohole,
w ktorych tworzace si¢ oddziatywania dyspersyjne moga ,konkurowac” z wigzaniami
wodorowymi [20]. Modyfikacja struktury czasteczek powoduje, ze powstajace asocjaty
przyjmuja rozne ksztalty i rozmiary. Zwigzane wodorowo agregaty moga tworzy¢ struktury
tancuchowe, micelowate [21-23], a nawet, moga wystepowac w postaci zamknietych petli, czy
pierscieni [24]. Dodatkowo, zmieniajac rzgdowos¢ alkoholu (np. w przypadku butanoli)
zauwazalny jest spadek stopnia asocjacji spowodowany rosnaca zawada steryczng [25].
Podobny efekt obserwowalny jest dla halogenowych pochodnych etanolu, gdzie podstawienie
w strukturze alkoholu atoméw wodoru atomami chloru powoduje mniejsza zdolno$¢ do
faczenia si¢ czasteczek w agregaty [26]. Ponadto, na zmniejszenie stopnia asocjacji wptywa nie
tylko ilos¢ przylaczonych atomow halogenow, ale takze, jak wskazujg ostatnie badania

spektroskopowe, to, ktory fluorowiec zostal przytaczony [27].



Interesujacym wydaje si¢ takze by¢ badanie jak na zachowanie asocjacyjne alkoholi bedzie
wplywaé¢ mozliwo$¢ tworzenia przez molekuty oddziatywan innych niz wigzania wodorowe.
Wsréd oddziatywan miedzyczasteczkowych, poza wigzaniami wodorowymi, wyrdézniamy
takze oddziatywania uniwersalne (van der Waalsa), zwigzane z istnieniem trwatych momentow
dipolowych molekut, jak 1 z ich polaryzowalno$cig. Wyroznia si¢ wigc oddziatywania typu
i) dipol — dipol lub dipol — tadunek (oddzialywania orientacyjne), ii) trwatych momentow
dipolowych z indukowanymi momentami dipolowymi (oddziatywania polaryzacyjne) oraz iii)
chwilowych (nietrwatych) momentéw dipolowych, tj. oddzialywania typu dipol indukowany —
dipol indukowany (oddziatywania dyspersyjne) [28,29]. W przypadku prostych alkoholi
monohydroksylowych, wzrost dlugo$ci tancucha alifatycznego powoduje ostabienie procesu
asocjacji, co zwigzane jest z rosngcym znaczeniem oddziatywan dyspersyjnych [20]. Co wiecej,
jak pokazuja badania alkoholi rozpuszczonych w rozpuszczalnikach niepolarnych, przy niskich
stezeniach alkoholi (gdy warto$¢ utamka molowego alkoholu byla mniejsza niz 0,05), w
uktadach dominuja oddzialywania dyspersyjne, a alkohole wystepuja w postaci monomeréw
[30]. Warto takze wspomnie¢ o zwigzkach aromatycznych, ktére moga tworzy¢ oddzialywania
dyspersyjne pomigdzy elektronami wt, tzw. oddziatywania n-stacking, ktére nierzadko stoja za
ich zdolnoscig tych uktadow do samoorganizacji [31]. Ciekawych obserwacji dostarczyty
badania alkoholowego analogu naftalenu — 1-naftolu. Pierwsze eksperymenty wskazaly na
taczenie si¢ molekul poprzez wigzania wodorowe oraz m-stackingi. Natomiast, najnowsze
badania sugeruja, iz dimery 1-naftolu tworza si¢ poprzez czg¢sciowe nakladanie si¢ na siebie
pierscieni aromatycznych, co prowadzi do tworzenia oddziatywan typu m-m, ale nie obserwuje
si¢ wigzan wodorowych pomigdzy jednostkami [32].

W kontekscie wspomnianych wynikow badah intrygujace wydaja si¢ wiec alkohole
aromatyczne, ktore posiadajg w swojej strukturze zardwno grupe hydroksylowg jak i pier§cien
aromatyczny, co skutkuje mozliwo$cia obserwowania mnogos$ci  oddziatywan
migdzyczasteczkowych. Co zaskakujace, ta grupa zwigzkow posiada stosunkowo uboga
literature w odniesieniu do ich zdolnos$ci asocjacyjnych, ktéra dodatkowo, udziela sprzecznych
informacji na temat uporzagdkowania strukturalnego, tzn. badania dielektryczne wskazuja albo
na brak agregacji czasteczek alkoholu [33], lub na mozliwos$¢ ich tworzenia [34-36]. Dlatego
tez w niniejszej pracy doktorskiej glownie skupiono si¢ na scharakteryzowaniu zachowania
asocjacyjnego prostych alkoholi monohydroksylowych zawierajacych grupe fenylowa,

(nazwane pdzniej alkoholami fenylowymi) wykorzystujac szereg metod badawczych.



Obecnie, wigkszos¢ badan procesu asocjacji alkoholi przeprowadza si¢ dla materiatow
litych (ang. bulk). Natomiast na tworzace si¢ oddzialywania i zachowanie asocjacyjne
substancji mozna takze wptywacé stosujac geometryczne ograniczenie przestrzenne. Badania z
wykorzystaniem takich uktadow pozwalaja na rozszerzenie dotychczasowej wiedzy na temat
zjawiska asocjacji.

Materialy ograniczone przestrzennie to uktady o nanometrowych rozmiarach, i czgsto
unikalnych wlasciwos$ciach. Znajduja one zastosowanie mi¢dzy innymi w przemysle
farmaceutycznym jako nowe no$niki lekow [37-39], czy w uktadach elektronicznych [40,41].
Jednym z kluczowych czynnikow charakteryzujacych ograniczenie przestrzenne jest geometria
uktadow, dlatego tez dzielimy je na uklady ograniczone jedno- (1D), dwu- (2D) Ilub
trojwymiarowo (3D) (Rysunek 2).

Rysunek 2. Podziat ograniczenia przestrzennego ze wzgledu na jego geometrig.

W pierwszym przypadku, substancja ograniczona jest w jednym kierunku, z. Typowym
przyktadem ograniczenia 1D s3 tzw. cienkie warstwy (ang. thin films). W uktadach
ograniczonych przestrzennie dwuwymiarowo, badany material ograniczony jest w dwoch
kierunkach, x 1 y, m.in. poprzez wprowadzenie substancji do membran posiadajacych w swoich
strukturach pory o nanometrycznych srednicach. Gdy material jest ograniczony w trzech
kierunkach, x, y 1 z, mOwimy o ograniczeniu przestrzennym trojwymiarowym, ktorego
przyktadem moga by¢ nanoczastki.

Waznym aspektem ograniczenia przestrzennego jest jego wptyw na zachowanie substancji,
co rozpatruje si¢ w oparciu o dwa gtowne efekty [42—51]. Pierwszym z nich jest rozmiarowos¢
(ang. finite size), czyli wspomniana wcze$niej geometria uktadu ograniczajacego, a takze, w
przypadku nanoukladéw 2D, S$rednica nanoporéw. Drugim waznym czynnikiem sg efekty
powierzchniowe (ang. surface effects), wynikajace z mozliwo$ci tworzenia si¢ oddziatywan
pomiedzy elementem ograniczajagcym a ,,uwi¢zionym” materiatem. Warto nadmienié, ze w
przypadku mezoporéw, specyfika uktadu (Scianki matrycy) zmienia dynamike infiltrowane;j

9



substancji, staje si¢ ona silnie niejednorodna, co prowadzi do powstania dwdch warstw

molekul, zgodnie z modelem dwuwarstwowym [52] (Rysunek 3).

Rysunek 3. Schematyczne przedstawienie modelu dwoch warstw w membranie

krzemowe;j.

Molekuly zlokalizowane w centrum kanatu, stanowia tzw. warstwe rdzenia (ang. core
layer). Sa to czasteczki, ktore oddziatujg ze soba i charakteryzuja si¢ szybsza dynamika.
Natomiast frakcja molekul znajdujacych si¢ w bezposrednim sasiedztwie Scianek matrycy,
czyli warstwa przysciankowa (ang. interfacial layer), ze wzgledu na mozliwo$¢ wystepowania
oddziatywan substancja — por, posiada zmniejszona mobilnos$¢. Stusznos¢ tego konceptu
potwierdza wystepowanie zjawiska podwdjnego zeszklenia. Podczas gdy materiat lity posiada
przejscie szkliste w temperaturze T,;, wprowadzenie go do matrycy porowatej powoduje, ze
obserwujemy zjawisko zeszklenia w temperaturach ponizej i powyzej T, materiatu litego
(Ty puik)- W temperaturze nizszej niz Ty pyp Obserwuje sig witryfikacje molekut znajdujgcych
si¢ w rdzeniu pora (T core), Natomiast powyzej Ty pyx dochodzi do zeszklenia czgsteczek
zwigzanych w powierzchnig Scianek pora (Tginterfaciar) [52]. Co wigeej, badania
przeprowadzone dla polimeréw w warunkach jednowymiarowego ograniczenia wykazaly
interesujgce zjawisko, tj. T, moze wzrasta¢ lub male¢ w poréwnaniu do Ty py ., a nawet
zaobserwowa¢ mozna brak wplywu ograniczenia na t¢ temperature [53—60]. Fenomen ten
dyskutowano w kontek$cie zastosowanego substratu lub oddziatywan typu polimer —
powierzchnia substratu.

Interesujacym przypadkiem cieczy asocjujacej, ktorej whasciwosci drastycznie zmieniajg
si¢ w ograniczeniu przestrzennym jest woda. Ogdlnie, ,,zamknigcie” substancji w porach silnie
wplywa na przejscia fazowe. W kontekscie wody, jej infiltracja do krzemionkowych matryc

nanoporowatych umozliwila obnizZenie temperatury topnienia nawet o 50 K, w zaleznosci od
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srednicy zastosowanych porow. W zwigzku z tym, woda moze by¢ termodynamicznie stabilna
znacznie ponizej temperatury nukleacji (7 = 231 K) [61], a tym samym, pory moga zostaé
wykorzystane jako ,,probowki” do badania wtasciwosci cieczy przechtodzonej. Przy dalszym
obnizaniu temperatury obserwowano krystalizacje¢ wody. Co ciekawe, w ograniczeniu
przestrzennym woda krystalizuje w uktadzie regularnym, inaczej niz w warunkach normalnego
ci$nienia, gdzie krystalizacja zachodzi w uktadzie heksagonalnym [62]. W przypadku wody
zaobserwowano takze zjawisko tworzenia si¢ dwoch frakcji molekul. Struktura i dynamika
molekut warstwy rdzeniowej jest podobna do makroskopowej wody, natomiast czasteczki
znajdujace si¢ w poblizu $cianek materialu ograniczajacego, okazaly sie by¢ bardzo
znieksztalcone pod wzgledem tworzacej si¢ sieci wigzan wodorowych, a zatem zostato
naruszone ich uporzadkowanie strukturalne. Poza tym, dynamika frakcji przy$ciankowe;j silnie
zalezata od modyfikacji powierzchni materiatu; w hydrofilowych porach byta ona wolniejsza
w poréwnaniu do tej z bardziej hydrofobowymi membranami czy molekutami warstwy
rdzeniowej. Zauwazalna byta nawet catkowita immobilizacja frakcji przy$ciankowej, podczas
gdy frakcja czasteczek rdzenia wcigz wykazywata dynamike podobng do materiatu litego [63].

Kolejng interesujaca grupa zwigzkow sa alkohole, ktére w odroznieniu od wody, w niskich
temperaturach nie ulegaja krystalizacji, a wykazuja zjawisko przejscia szklistego. Jedna z
pierwszych prac poswieconych badaniom alkoholi w ograniczeniu przestrzennym skupita si¢
zachowaniu tert-butanolu w matrycach krzemowych typu MCM-41 z uzyciem techniki
rozpraszania neutronow. Zaobserwowano, iz tzw. pre-pik (ang. pre-peak) powiazany z
uporzadkowaniem Sredniego zasiegu (a zatem mozna sugerowaé, ze zwigzany takze z pewna
strukturg supramolekularng) jest nieobecny na dyfraktogramach alkoholu ograniczonego
przestrzennie. Swiadczylo to o zahamowaniu procesu asocjacji w nanoskali [64]. Jednakze,
dalsze badania strukturalne wsparte symulacjami komputerowymi wskazaty, ze tert-butanol
ulega asocjacji w ograniczeniu przestrzennym, a brak obecnosci pre-piku na dyfraktogramach
moze wynika¢ z efektu objetosci wytaczonej lub ze wzajemnych korelacji matryca — ciecz. Co
wiecej, oddziatywania por — alkohol zauwazalne byty takze w membranach o charakterze
hydrofobowym [65,66]. Innym, intensywnie badanym alkoholem, jest 2-etylo-1-heksanol.
Uzyskane dane dielektryczne dla alkoholu wprowadzonego do membran porowatych ujawnity
spadek amplitudy procesu Debye’a w ograniczeniu przestrzennym w odniesieniu do substancji
litej, co zostato zinterpretowane jako zmiana w stopniu asocjacji. Dodatkowo, zauwazono
zmiany w strukturze molekularnej, tzn. naruszone zostalo dalekozasiegowe upakowanie
czasteczek w wyniku reorganizowania si¢ molekut oraz interakcji z otoczeniem [67].

Intrygujace s3 takze wyniki badah przeprowadzonych dla alkoholi monohydroksylowych
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roznigcych si¢ potozeniem grupy hydroksylowej w strukturze zwigzku (1-propanol, 2-etylo-1-
heksanol oraz 4-metylo-3-heptanol), opisujace wplyw ograniczenia przestrzennego na
dynamik¢ wspomnianych zwigzkéw. Dla kazdego z nich obserwowano przyspieszenie
procesoOw relaksacyjnych, niezaleznie od struktury. Co wigcej, ograniczenie przestrzenne
wpltywato na liczb¢ molekut tworzacych struktury supramolekularng, tj. w membranach
porowatych struktury te sktadaty si¢ z mniejszej liczby czasteczek. Oszacowujac temperatury
zeszklenia dla otrzymanych zwigzkoéw, najwigkszy spadek zauwazalny byl dla 4-metylo-3-
heptanolu (zmiana o 23 K w stosunku do substancji litej). Tym samym stwierdzono, ze
ograniczenie przestrzenne ma najwickszy wplyw na 4-metylo-3-heptanol 1 powigzano to ze
strukturg tworzacych si¢ asocjatow, bowiem w tym zwigzku dominuja struktury pier§cieniowe
(ang. ring-like) [68]. Warto rowniez wspomnie¢ o badaniach przeprowadzonych dla serii
alkoholi fenylowych wprowadzonych do poréw glinowych. Sa to jak dotad jedyne badania
poswigcone tym zwigzkom wprowadzonym do mezoporéow. W eksperymencie wykorzystano
membrany o stalych srednicach poréw (d = 10 oraz 40 nm) i tzw. modulowane pory o zmienne;j
srednicy porow (d = 19, 28 nm). W toku badan zaobserwowano, ze membrany te wptywaja na
ciecze w odmienny sposob. Powszechnie opisywane dla infiltrowanych cieczy zjawisko
podwojnego przejscia szklistego nie byto wykrywalne w przypadku alkoholi w modulowanych
matrycach, a tym samym dynamika dominujacego procesu relaksacyjnego byta podobna do tej
obserwowanej w materiale litym. Co wigcej, zarowno dla inkorporowanych jak i litych probek
widma dielektryczne zdominowane byly przez jeden wyrazny proces relaksacji, ktory w
przypadku materiatow litych przybierat charakter relaksacji Debye’a. Nie obserwowano
zadnych dodatkowych procesow relaksacyjnych (np. relaksacji strukturalnej o lub procesow
zwigzanych z dynamika czasteczek oddzialywujacych ze Sciankami materiatu) dla materiatow
infiltrowanych w nanoporach. Stwierdzono takze, ze zastosowanie modulowanych materiatow
miato wiekszy wptyw na asocjacje alkoholi [69].

Raportowane, tak odmienne wlasciwosci, dla ograniczonych przestrzennie cieczy
asocjujacych stanowity inspiracje do podj¢cia badan przeprowadzonych na potrzeby niniejszej
pracy doktorskiej. W celu zbadania wplywu oddzialywan miedzyczasteczkowych alkoholi
monohydroksylowych na ich zachowanie w materiatach litych i1 ograniczeniu przestrzennym
przebadano dwie grupy alkoholi, tj. alkohole fenylowe (AF) oraz alkohole cykloheksylowe
(AC). Wybrane substancje charakteryzowaly si¢ obecno$cig pierscienia aromatycznego lub
cykloheksylowego w swoich strukturach molekularnych. Wéro6d badanych alkoholi fenylowych
znalazly sie: alkohol benzylowy, 2-fenylo-1-etanol, 3-fenylo-1-propanol, 4-fenylo-1-butanol,

5-fenylo-1-pentanol oraz 7-fenylo-1-heptanol. Natomiast badane w niniejszej pracy doktorskiej
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alkohole  cykloheksylowe to:

cykloheksylo-1-propanol i 4-cykloheksylo-1-butanol. Wzory strukturalne uzytych alkoholi
znajduja si¢ na Rysunku 4. Nazwy oraz skroty uzytych substancji podane sa w Tabeli 1.
Wszystkie substancje charakteryzowaly si¢ czystoscia >98% 1 zostaly zakupione w firmie

Sigma Aldrich. W celu oczyszczenia probek z wilgoci zastosowano proces liofilizacji

I-cykloheksylometanol,

(wymrazania w ciektym azocie) z uzyciem linii Schlenka.

alkohole fenylowe

Rysunek 4. Struktury chemiczne badanych alkoholi monohydroksylowych.

2-cykloheksylo-1-etanol,

alkohole cykloheksylowe

Tabela 1. Wzory strukturalne, nazwy oraz skrdty alkoholi monohydroksylowych.

Wzor strukturalny Nazwa Skroét
Alkohole fenylowe
OH
Alkohol benzylowy AB
OH
©/\/ 2-fenylo-1-etanol 2F1E
OH
3-fenylo-1-propanol 3F1P
OH
©/\/\/ 4-fenylo-1-butanol 4F1B
OH
5-fenylo-1-propanol 5F1P
OH
7-fenylo-1-heptanol 7F1H

13




Alkohole cykloheksylowe (cykliczne)

OH
Cykloheksylometanol CM
OH

O/\/ 2-cykloheksylo-1- 2C1E

etanol

OH 3-cykloheksylo-1-
propanol 3C1P
OH

O/\/\/ 4-cykloheksylo-1- 4C1B

butanol

Do badania wplywu ograniczenia przestrzennego wykorzystano natywne oraz silanizowane

matryce krzemowe o $rednicy poréw 4 nm. Natywne membrany (Rysunek 5) zostaty wykonane
stosujac metodg elektrochemicznego trawienia. Jako elektrolit zastosowano mieszanine kwasu
fluorowodorowego oraz etanolu w stosunku 1:1, w celu uzyskania §rednic porow rownych 4-5

nm o porowatosci 7-9%. Uzyskane w ten sposdb matryce miaty grubo§¢ 50 £ 5 pm.
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Rysunek 5. Fotografia przedstawiajaca natywny por krzemowy o §rednicy d = 4 nm.

Aby otrzymac¢ silanizowane membrany krzemowe, natywne mezopory zostaty zanurzone w
roztworze metoksytrimetylosilanu (CH;0Si(CH3)3) i heksanu (w stosunku 1:1). Mieszanina
zostata podgrzana do temperatury 323 K i pozostawiona na 72 h, w wyniku czego dochodzito
do wymiany grup hydroksylowych znajdujacych si¢ na powierzchni pordw na grupy
metoksylowe (—OCH3). Tak przygotowane matryce posiadaly bardziej hydrofobowy charakter.

Aby wprowadzi¢ alkohol do matrycy zastosowano nastgpujacy protokot. W pierwszej
kolejnoéci, puste membrany zostaly wygrzewane w wysokiej prozni (10~ mbar) w temperaturze
373 K przez 24 godziny w celu usunigcia wszelkich lotnych zanieczyszczeh. Nastgpnie matryca
zostala umieszczona w kolbce zawierajacej alkohol. Taki uktad utrzymywano w temperaturze
T=313K (dlaAC)i T=2323 K (dla AF) w prozni (1072 bar) przez czas jednej godziny w celu
wypelnienia si¢ porow wybranym alkoholem. Po zakonczonej infiltracji nadmiar probki z
powierzchni membran zostal usuniety, stosujac chusteczki bezpylowe.

W celu zbadania 1 okreslenia wptywu oddziatywan migdzyczasteczkowych na zachowanie
asocjujace alkoholi wykorzystano szereg metod eksperymentalnych, pozwalajacych na
kompleksowe spojrzenie na badany problem badawczy. Dlatego tez zastosowano metodg
spektroskopii w podczerwieni (IR), spektroskopii Ramana, szerokopasmowej spektroskopii
dielektrycznej (BDS), réznicowej kalorymetrii skaningowej (DSC), dyfrakcji rentgenowskiej
(XRD) oraz metode badania katéw zwilzania.

Celem niniejszej rozprawy doktorskiej byl poznanie wptywu oddzialywan

migdzyczasteczkowych (wigzan wodorowych) na zachowanie alkoholi monohydroksylowych
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w materiatach litych jak 1 w ograniczeniu przestrzennym, a w szczegdlnosci proba odpowiedzi

na nastepujace pytania:

A.

Jak wprowadzenie do struktury molekularnej alkoholu grup funkcyjnych mogacych
tworzy¢ dodatkowe oddziatywania, wplynie na zachowanie asocjacyjne alkoholi?

Jaki wplyw na zdolnosci asocjacyjne alkoholi ma inkorporacja do uktadow
ograniczonych przestrzennie?

Czy alkohole fenylowe sa w stanie tworzy¢ nieodwracalnie zaadsorbowang warstwe

molekut w ograniczeniu przestrzennym?

Rezultaty przeprowadzonych badan =zostaly opublikowane w migdzynarodowych

czasopismach naukowych z listy filadelfijskiej:
P1. N. Soszka, B. Hachuta, M. Tarnacka, E. Kaminska, J. Grelska, K. Jurkiewicz, M.

Geppert-Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues — the Interplay between Dispersive and Hydrogen Bond Interactions.

Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 — 23807.

P2.N. Soszka, B. Hachuta, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert —

Rybczynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic
Monohydroxy Alcohols. Spectrochim. Acta — Part A Mol. Biomol. Spectrosc. 2022,
276, 121235.

P3.N. Soszka, M. Tarnacka, B. Hachula, M. Geppert — Rybczynska, K. Prusik, K.

Kaminski, The Impact of Interface Modification on the Behavior of Phenyl
Alcohols  within Silica Templates. J. Phys. Chem. C, 2024, (doi:
10.1021/acs.jpcc.3c08084)

P4.N. Soszka, M. Tarnacka, B. Hachula, P. Wlodarczyk, R. Wrzalik, M. Hreczka, M.

Paluch, K. Kaminski, The Existance of Strongly Bonded Layer in Associating Liquids
within Silica Pores — the Spectral and Molecular Dynamics Study. Nanoscale, 2024, 16,
6636-6647

Tresci powyzszych publikacji stanowigcych podstawe niniejszej pracy doktorskiej sg

zalagczone w Rozdziale 4. Wyniki uzyskane w trakcie trwania doktoratu zostaly

zaprezentowane na konferencjach naukowych:
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1.

European Meeting on Physical Organic Chemistry ,,Chemistry in a Confined Space”
(2021), Karpacz, Polska, poster ,,The impact of nanoscale confinement on the behavior
of associating materials”

XV Kopernikanskie Seminarium Doktoranckie (2022), Torun, Polska, wystapienie
ustne ,, Wplyw aromatycznosci na asocjacj¢ alkoholi monohydroksylowych”

2" Global Summit on Nanotechnology and Materials Science (2023), Fiano Romano,
Rzym, Wtochy, poster ,,Spectroscopic evidence of irreversibly adsorbed layer in 2D

geometrical confinement — the case of monohydroxy alcohols”

Ponadto jestem wspotautorka 4 artykuldéw naukowych, ktére nie zostaly wilaczone do

rozprawy doktorskiej:

1.

N. Soszka, B. Hachuta, M. Tarnacka, E. Kaminska, S. Pawlus, K. Kaminski, M. Paluch,
Is a Dissociation Process Underlying the Molecular Origin of the Debye Process in
Monohydroxy Alcohols?, J. Phys. Chem. B, 2021, 125 (11), 2960 — 2967

B. Hachula, J. Grelska, N. Soszka, K. Jurkiewicz, A. Nowok, A. Szeremeta, S. Pawlus,
M. Paluch, K. Kaminski, Systematic Studies on the Dynamics, Intermolecular
Interactions and Local Structure in the Alkyl and Phenyl Substituted Butanol Isomers.
J. Mol. Lig., 2022, 346, 117098

A. Minecka, M. Tarnacka, N. Soszka, B. Hachuta, K. Kaminski, E. Kaminska, Studying
the Intermolecular Interactions, Structural Dynamics, and Non-Equilibrium Kinetics of
Clinidipine Infiltrated into Alumina and Silica Pores. Langmuir, 2022, 39 (1), 533 — 544
K. Lucak, A. Szeremeta, R. Wrzalik, J. Grelska, K. Jurkiewicz, N. Soszka, B. Hachula,
D. Kramarczyk, K. Grzybowska, B. Yao, K. Kaminski, S. Pawlus, Experimental and
Computational Approach to Studying Supramolecular Structures in Propanol and Its

Halogen Derivatives. J. Phys. Chem. B, 2023, 127 (42), 9102 — 9110
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2. OMOWIENIE OTRZYMANYCH WYNIKOW

2.1 Jak wprowadzenie do struktury molekularnej alkoholu grup funkcyjnych mogacych
tworzy¢ dodatkowe oddzialywania, wplynie na zachowanie asocjacyjne alkoholi?

Jak wspominano w cze¢$ci teoretycznej, modyfikacja struktury chemicznej alkoholu moze
wplywac na jego zdolnosci asocjacyjne chociazby poprzez powstawanie nowych oddziatywan.
Pierwszym celem niniejszej pracy doktorskiej byto przeanalizowanie wptywu dlugosci
tancucha alifatycznego oraz aromatyczno$ci na zachowanie asocjacyjne molekut poprzez
zbadanie serii alkoholi fenylowych (Tabela 1). oraz poréwnanie ich wlasciwosci z
odpowiadajagcymi im alkoholami cykloheksylowymi.

Badania kalorymetryczne AF wskazuja na mozliwo$¢ witryfikacji czterech z szesciu
badanych zwigzkéw. Dwa z nich, tj. alkohol benzylowy oraz 7-fenylo-1-heptanol ulegaty
krystalizacji. Jak wida¢ na Rysunku 6a do przejscia szklistego AF dochodzi w
porownywalnych temperaturach (T; ~ 182 K), dlatego tez mozna stwierdzi¢, iz wydhuzanie
tancucha weglowodorowego nie wptywa znaczaco na mozliwo$¢ zeszklenia tych alkoholi.
Podobnymi wynikami charakteryzuja si¢ alkohole cykliczne (Rys. 6b). Temperatury przej$cia
szklistego AC sg nizsze niz odpowiadajacych im AF, co sugeruje wptyw przylaczonego do

struktury pier$cienia na temperature przejscia szklistego alkoholi.
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Rysunek 6. (a, b) Termogramy zarejestrowane podczas chtodzenia z szybkoscig 10 K/min dla
AF oraz AC. (c) Dyfraktogramy zarejestrowane w temperaturze pokojowej oraz temperaturze

zeszklenia AF. (d) Poréwnanie dyfraktograméw AF i AC w temperaturze pokojowe;.

Informacj¢ o wlasciwosciach strukturalnych badanych zwiazkéw uzyskano dzigki
badaniom dyfrakcyjnym. Zarowno dyfraktogramy AF jak i AC charakteryzuja si¢ obecnos$cia
dwoéch pikow, t). typowym dla cieczy amorficznym ,halo” oraz tzw. pre-pikiem
zlokalizowanym w nizszym zakresie wektora rozpraszania (Q) (Rys. 6¢,d). Pochodzenie pre-
piku dyskutowane jest w kontek$cie powstawania uporzadkowania $redniego zasiggu
wynikajacego z tworzenia si¢ zasocjowanych struktur [70,71]. W przypadku AB oraz 7F1H
zaprezentowano rowniez dyfraktogramy krystalicznych probek. Analiza obrazéw
dyfrakcyjnych uzyskanych dla AF wskazuje na zmiany zachodzace w strukturach badanych
alkoholi wraz z wydtuzaniem si¢ tancucha alifatycznego. Intensywno$¢ wspomnianego pre-
piku maleje dla ,,dtuzszych” alkoholi, co pozornie moze §wiadczy¢ o stabszej asocjacji molekut.
Co wiecej, z wydluzaniem tancucha weglowodorowego gléwny pik staje si¢ bardziej
symetryczny (jego szeroko$¢ maleje) oraz obserwowany jest wzrost amplitudy tego piku,
swiadczacy o wzroscie lokalnego uporzadkowania czasteczek. Poréwnujac dyfraktogramy AF
z tymi otrzymanymi dla AC widoczne s3 wyrazne roznice w zarejestrowanych obrazach
dyfrakcyjnych, tj. glowny pik w przypadku AF jest szerszy, charakteryzuje si¢ mniejsza

intensywnos$cig oraz przesunigciem w stron¢ wyzszych wartosci wektora rozpraszania, Q.
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Dodatkowo, pre-pik jest mniej intensywny w przypadku AF. Te roznice sugeruja, iz
wprowadzenie aromatyczno$ci wprowadza wigksza heterogeniczno$¢ do struktury
migdzyczasteczkowej. Asymetryczny ksztalt gldownego pasma AF wynika z naktadania si¢ na
siebie dwoch sktadowych (dwoch preferowanych ulozen molekul), tj. ulozenia
spowodowanego tworzeniem si¢ wigzan wodorowych O — H --- 0, oraz istnienia dodatkowych
oddzialywan n, w ktorych bierze udziatl pierScien aromatyczny.

Aby w pelni uzyska¢ informacj¢ o stopniu zasocjowania molekul, zostaly wykonane
pomiary metodg spektroskopii w podczerwieni. Nalezy w tym miejscu wspomnieé, iz jest to
jedna z najczulszych metod, ktéra pozwala obserwowaé zachodzace zmiany w asocjacji
molekut, szczeg6lnie pod katem wigzan wodorowych, poprzez $ledzenie zmian wystepujacych
na pasmach odpowiadajacych drganiom grup hydroksylowych (vpy). W pierwszym kroku
zarejestrowano temperaturowg zalezno$¢ parametréw spektralnych pasm vy na zachowanie
asocjacyjne alkoholi. Na Rysunku 7 przedstawione zostalty widma w podczerwieni w zakresie
spektralnym 3750 — 3100 cm’! zarejestrowane w trzech temperaturach: 368 K, 293 K oraz 183
K. Pasmo o malej intensywnos$ci zlokalizowane w zakresie spektralnym 3570 — 3540 c¢cm’!
odpowiada drganiom rozciggajagcym wolnych (niezwigzanych) grup hydroksylowych, Voy free,
natomiast szerokie pasmo z maksimum znajdujacym si¢ przy ~ 3300 cm™ zwigzane jest z
drganiami rozciggajacymi grup OH powigzanych ze sobg wigzaniami wodorowymi, Voy assoc-
Te same pasma obserwuje si¢ w przypadku AC, jednakze intensywnoS$¢ pasma Vop free Jest
duzo nizsza w poroéwnaniu z AF. Stad, porownujac tylko strukturg subtelng pasm, mozna
wnioskowa¢ o lepszej asocjacji AC w poréwnaniu do AF. Co wigcej, zmiana temperatury
powoduje zmiang w stopniu asocjacji molekut AF, co widoczne jest poprzez zmiany
intenSywnosci pasm Vop free 1 Von assoc- Wraz z obnizaniem temperatury obserwuje sig
zmnigjszenie intensywnosci pasma Vop free Oraz Wzrost intensywnosci pasma Vop gssoc-
Dowodzi to o zachodzacych zmianach w agregacji czasteczek. W nizszych temperaturach
liczbie molekul uczestniczacych w tworzeniu wigzan wodorowych rosnie, a tym samym

wzrasta stopien asocjacji.
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Rysunek 7. Widma w podczerwieni AF przedstawione w zakresie spektralnym 3750 — 3100
cm’! w trzech temperaturach: 368 K, 293K oraz 183 K. W przypadku AB oraz 7F1H

zaprezentowano widma zarejestrowane przed krystalizacja alkoholi (7= 243 K).

Podobne zachowanie wystepuje w przypadku AC (Rys. 8). Analiza czgsto$ci pasm
VoH assoc W temperaturze pokojowej wskazuje na niewielkie réznice w sile tworzacych si¢
wigzan wodorowych — pasma charakteryzuja si¢ porownywalnymi wartosciami liczb falowych.
Wyjatkiem jest tutaj alkohol benzylowy, ktorego maksimum pasma Voy qss0c j€St Najnizsze ze
wszystkich badanych alkoholi (v = 3322 cm™). Interesujacych obserwacji dostarczyty pomiary
alkoholi w nizszych temperaturach. Jak wida¢ na Rys. 8b w temperaturze zeszklenia alkohole
z parzystg liczba grup —CH, w tancuchu posiadaja mniejsze wartosci liczb falowych pasma
Voy W pordwnaniu z alkoholami z nieparzysta liczbg grup —CH,. Swiadczy to o zmianach w
sile wigzan wodorowych, tj. w ,,parzystych” alkoholach (2F1E, 4F1B) dochodzi do tworzenia
silniejszych wigzan wodorowych niz w alkoholach ,nieparzystych”. Porownujac czestosci
pasm AF z AC widaé, iz w temperaturze pokojowej obie grupy alkoholi posiadajg

poréwnywalne wartosci liczb falowych pasma vy, co $wiadczy o podobnej sile tworzacych
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si¢ wigzan wodorowych. Natomiast, podczas obnizania temperatury, dochodzi do zauwazalnej
réznicy w potozeniu pasm, tj. czgstosci pasm dla AC sg mniejsze, co $wiadczy o rdznicach w
sile wigzan wodorowych. Dodatkowo, z analizy szerokos$ci potowkowej pasm vpy 4550 MOZNa
uzyska¢ informacje o stopniu homo/heterogenicznosci w dystrybuciji sit wigzan wodorowych.
Zwezenie pasm Voy assoc AF Wystepujace przy obnizaniu temperatury wskazuje na bardziej
homogeniczng sie¢ wigzan wodorowych w niskich temperaturach. Co interesujace, w
temperaturze pokojowej obserwowany jest spadek szerokosci pasma od AB do 3F1P, a
nastepnie jego wzrost dla alkoholi z dtuzszymi tancuchami alifatycznymi. Wskazuje to na
zmiany w organizacji wigzan wodorowych przechodzac od ,krotszych” alkoholi do
»dhuzszych”. Dodatkowo, pasma vy 4ss0c AF 88 szersze w porownaniu do pasm Voy gssoc AC,
a wiec w przypadku AF wystepuje wicksza heterogeniczno$s¢ w dystrybucji tworzacych si¢
oddzialywan. Co wigcej, poszerzenie pasma, podobnie jak w przypadku pomiarow
dyfrakcyjnych, moze wskazywa¢ na wystepowanie dodatkowych oddzialywan

miedzyczasteczkowych, m.in. oddziatywan OH --- 7.
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Rysunek 8. Porownanie widm w podczerwieni w zakresie spektralnym 3750 — 3000 cm™ AF i

AC w temperaturze (a) pokojowej oraz (b) przejscia szklistego.

Co ciekawe, porownujac widma w podczerwieni dla wszystkich AF w temperaturze
pokojowej wida¢ spadek intensywnoSci pasma Voy free Wraz z wydluzaniem taficucha

alifatycznego, co $wiadczy o wigkszym stopniu asocjacji molekut. Ten interesujacy trend,
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przeciwny do tego, ktory obserwuje si¢ w przypadku prostych alkoholi alifatycznych [20],
spowodowany jest lepsza separacja pierscienia aromatycznego od grupy hydroksylowej. Z tego
powodu, mozna takze stwierdzi¢, iz pierScien ten petni role zawady sterycznej w badanych
alkoholach. Dodatkowo, dla obu grup alkoholi obliczono warto$¢ energii aktywacji procesu
dysocjacji (E,), wedlug ponizszego wzoru, ktora mowi o sile jakg nalezatoby dostarczy¢ do
czasteczek, aby rozerwac¢ wigzanie wodorowe [72].
an=ﬂ=—E+£ @)

Agssoc RT R

K— stata rtownowagi; Agree — Intensywno$¢ integralna pasma Voy frees Agssoc — Intensywnosé
integralna pasma voy 4ss0c; Eq — €Nnergia aktywacji procesu dysocjacji; R — stala gazowa; T —

temperatura; AS — entalpia procesu dysocjacji

Jak wida¢ na rysunku 9 wraz ze wzrostem dlugos$ci tancucha alifatycznego w AF rosnie
warto$§¢ wspomnianej energii. Zgadza si¢ to z informacja o stopniu asocjacji molekut — dluzsze
alkohole charakteryzuja si¢ wickszym stopniem agregacji. Dodatkowo, na wyzsze wartosci E,,
moze wptywaé wicksza gietko$¢ tancucha, co wplywato na konformacje i upakowanie molekut.
Natomiast w przypadku AC, ich wartosci E, s3 dwukrotnie wicksze niz odpowiadajace im AF.
Moze wynika¢ to z wigkszej elastycznosci pierscienia cykloheksylowego, ktory moze
wystepowaé w roznych konfiguracjach (m.in. konformacji t6dkowej lub krzesetkowej), co
prowadzi do wigkszej stabilizacji wigzan wodorowych, i tym samym nie obserwuje si¢

liniowego trendu wzrostu energii ze wzrostem tancucha w przypadku AC.
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Rysunek 9. Wartosci energii aktywacji procesu dysocjacji dla alkoholi fenylowych 1
cykloheksylowych.

W celu uzyskania petnego obrazu zachowan asocjacyjnych alkoholi przeprowadzono takze
pomiary dielektryczne, wykorzystujac metode szerokopasmowej spektroskopii dielektryczne;.
Przedstawione na Rysunku 9a,b widma strat dielektrycznych zarowno AF jak 1 AC ujawnity,
poza przewodnictwem statopradowym, jeden dominujacy proces/tryb relaksacji. Otrzymany
parametr Sxyw (poprzez dopasowanie pasm za pomocg funkcji Kohlrauscha-Williamsa-Wattsa
[73,74]) w obu przypadkach posiada wartosci ~ 0,9, co §wiadczy, iz obserwowana relaksacja to
proces Debye’a, charakterystyczny dla alkoholi monohydroksylowych, zwigzany z dynamika
struktur supramolekularnych [72]. Co wigcej, porownanie widm strat dielektrycznych AF 1 AC
ujawnia poszerzenie pasma w przypadku aromatycznych alkoholi (Rys. 9¢). Wynika¢ to moze
z roznic w populacji wigzan wodorowych, gtéwnie pod wzgledem ich heterogenicznej natury.
Dodatkowo, otrzymane wartosci wspolczynnika korelacji Kirkwooda (gy) [75], méwiacym o
wzajemnej korelacji sgsiadujgcych ze sobg dipoli charakteryzowaty si¢ wartosciami wigkszymi

od 1.

_ 9kpeogMT (&5 — £5) (285 + €c0) 2
Gie = PN p?es(e0 + 2)2

kg — stala Boltzmana; M — masa molowa; T — temperatura; p — gestos¢; N4 — liczba Avogadro;
1 —moment dipolowy; &, — przenikalno$¢ elektryczna prozni; &5 — przenikalnos¢ statyczna; €4,
— przenikalno$¢ wysokoczgstotliwosciowa
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Dodatni parametr, wskazuje na tendencj¢ do ustawienia si¢ molekut w okreslonym
kierunku, sugerujac pewne uporzadkowanie, natomiast ujemny parametr g, moéwi o braku
uporzadkowania lub o losowos$ci w orientacji molekularnej. Co wigcej, wartosci g, rosng wraz
z obnizaniem temperatury. W przypadku AF, obserwowane s3 niemonotoniczne zmiany
warto$ci g, wraz z wydtuzaniem tancucha, zar6wno w temperaturze 225 K jak i w temperaturze
bliskiej przej$ciu fazowemu (T + 10 K), co sugeruje wystepowanie konkurencyjnych do
wigzan wodorowych oddziatywan niepolarnej czesci czasteczki (oddziatywania dyspersyjne).
Odmienne zachowanie wykazujg AC, gdzie wraz z wydluzeniem tancucha weglowodorowego

nastepowat spadek wartosci gy.
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Rysunek 9. (a) Widma strat dielektrycznych dla SF1P. We wstawce poréwnanie szerokosci
pasm AF oraz dopasowanie widma funkcjag Kohlrausa-Williamsa-Wattsa. (b) Widma strat
dielektrycznych cykloheksylometanolu. (c) Poréwnanie widm dielektrycznych 2F1E oraz
2CIE. (d) Zalezno$¢ wspotczynnika Kirkwooda w zalezno$ci od dilugosci tancucha
alifatycznego badanych alkoholi. (¢) Napigcie powierzchniowe badanych AF 1 AC. (f) Molowa

entropia powierzchniowa badanych AF 1 AC.
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Ostatni etap charakterystyki substancji litych polegal na zbadaniu warstw
powierzchniowych alkoholi. Warto$ci napigcia powierzchniowego AF oscyluja w granicach 39
— 37 mN m™1, podczas gdy dla AC ich wartoéci wynosza znajduja sie w przedziale 28 — 33
mN m~1 (Rys. 9e). Dodatkowo, molowa entropia powierzchniowa (S,,), bedaca miarg entropii
powierzchni kuli zawierajacej 1 mol czasteczek, w przypadku AF ro$nie wraz z wydtuzaniem
tancucha, co sugeruje, iz czasteczki moga tworzy¢ na powierzchni mono-warstwe molekut
potaczonych wigzaniami wodorowymi. W przypadku AC, posiadaja one wartosci S,, wieksze
niz ich aromatyczne odpowiedniki (Rys. 9f). Wyzsze wartosci sygnalizujg wigkszy wpltyw

pierscienia cykloheksylowego na warstwe powierzchniowg molekut.
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2.2 Jaki wplyw na zdolnosci asocjacyjne alkoholi ma inkorporacja do ukladow
ograniczonych przestrzennie?

Zgodnie z obecnym stanem wiedzy substancje wprowadzone do materiatéw
ograniczajacych przestrzennie czesto wykazujg inne wiasciwosci fizykochemiczne w
poréwnaniu z makroskopowymi probkami. Dlatego tez, po scharakteryzowaniu materialow
litych, przeprowadzone zostaly badania alkoholi fenylowych (od 2F1E do 5F1P) infiltrowanych
do mezoporowatych membran wykonanych z tlenku krzemu(IV) o $rednicy poréw (d) réwnych
5 nm.

Interesujace wyniki otrzymano z badan kalorymetrycznych, a mianowicie, materiaty lite
charakteryzuja si¢ obecnoscia jednego procesu przejscia szklistego. Natomiast w matrycach
porowatych (natywnych oraz silanizowanych), jak wida¢ na Rysunku 10a, dla 4F1B
zaobserwowano dwa przej$cia szkliste, zlokalizowane w temperaturach powyzej
(Ty,interfaciar) 1 ponizej (Ty core) temperatury T, uktadu litego. Ten sam efekt obserwowany
jest w pozostalych badanych alkoholach fenylowych (Rys. 10b). Zgodnie z modelem
dwuwarstwowym, zwigzane jest to z obecnoscig dwoch warstw molekut — warstwy rdzeniowe;j
oraz przysciankowej. Co wigcej, wykorzystujac prosty model matematyczny, zakladajacy
bezposrednia proporcjonalnos$¢ migdzy pojemnoscia cieplng a liczba czasteczek, mozliwe jest
oszacowanie grubos$ci warstwy przysciankowej, ktéra wynosi ~ 0,5 nm, zarowno w natywnych
jak 1 silanizowanych membranach (Rys. 10c). Obserwacj¢ dwoch procesoOw zeszklenia oraz
podobnej grubosci warstwy przysciankowej mozna powigzac ze zwilzalnoscig powierzchni
mezoporow przez aromatyczne alkohole. Otrzymane katy zwilzania (0), pokazane na Rysunku
10d wskazuja, iz uktady silanizowane posiadajg wyzsze wartosci O w poréwnaniu do ich

natywnych odpowiednikdw, natomiast zaréwno dla silanizowanych jak i1 natywnych membran
warto$ci 0 < 90°. Dodatkowo, zwilzalno$¢ powierzchni jest lepsza w nizszych temperaturach

(otrzymywane warto$ci 0 byly mniejsze niz w temperaturze pokojowej).
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Rysunek 10. (a) Termogramy zarejestrowane dla 4F 1B jako materiatu litego oraz w natywnych
1 silanizowanych mezoporach krzemionkowych. (b) Wartosci temperatur zeszklenia dla
wszystkich badanych alkoholi fenylowych. (c) Grubos¢ warstwy przySciankowej dla badanych
alkoholi fenylowych. (d) Katy zwilzania otrzymane dla alkoholi fenylowych w mezoporach

natywnych i silanizowanych w dwoch temperaturach: 298 K 1 258 K.

Sledzac dynamike molekularng badanych uktadéw, co interesujace, na widmach strat
dielektrycznych dla alkoholi ograniczonych w natywnych mezoporach, obserwuje si¢
obecnos¢, poza przewodnictwem stalopradowym, dwoch procesow relaksacyjnych
(Rys. 11 a,b). Wystepowanie dodatkowego procesu relaksacyjnego moze by¢ zwigzane z
dynamika molekut warstwy przyS$ciankowej (ang. interfacial proces). Efekt ten jest stabiej
widoczny w przypadku matryc silanizowanych, natomiast bazujac na wynikach
kalorymetrycznych, rowniez w matrycach silanizowanych zaklada si¢ obecnos¢ molekut tej
warstwy. Co wiecej, w porownaniu do materialow litych, pasmo pochodzace od dominujacego
procesu relaksacji jest poszerzone, co §wiadczy o wigkszej heterogenicznosci ruchliwosci

molekut po wprowadzeniu do materiatu ograniczajacego, wynikajacego z dodatkowych
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oddziatywan. By uzyska¢ dodatkowe informacje wynikajace z pomiaréw dielektrycznych,
okreslono temperaturowg zalezno$¢ czas6w relaksacji obserwowanych pikoéw — dominujacego
(tgom) Oraz dodatkowego (t,44)- Na przedstawionych na Rys. 11 c,d mapach relaksacji
obserwuje si¢ odchylenie czaséw relaksacji 74,, probek ograniczonych przestrzennie w
porownaniu z materiatem litym, zarowno w membranach natywnych, jak i silanizowanych.
Temperatura, w ktorej dochodzi do odchylenia, odpowiada temperaturze przejscia szklistego
warstwy przysciankowej, ustalonej na podstawie pomiarow kalorymetrycznych, o 0znacza, ze
powodem obserwowanego odchylenia moze by¢ witryfikacja czasteczek znajdujacych si¢ w
poblizu $cianek poréw. Obserwujac zachowanie 4., (T), jego odchylenie nie odpowiada
zachowaniu wolniejszego procesu relaksacji dielektrycznej wystepujacej dla materiatow
ograniczonych przestrzennie. Sugerowane jest wigc, iz zwigzana jest ona ze zmianami

zachodzacymi w sieci wigzan wodorowych.

= substancja lita

2F1E w porze krzemowym (d = 5 nm):
silanizowanym

(C) 2F1E w porze krzemowym (d = 5 nm):

Arrhenius fit

(a) @ glowny proces relaksacii,
—=m— substancja lita © dodatkowy proces relaksacji, - - -
2F1E w porze krzemowym (d = 5 nm): ol 2F1E Tg.interfacial °
= natywnym (DSC) 4 ®
g ilani [ J
10 silanizowanym — ®
@ o -Noe
1S S )
= < o
wW L) 7
(@)
= S - o
Y02 —
natywny| |silanizowany|
T T T T

T
5 52 5.4 5.6 58

1000/Temp. [1/K]

102 10° 10* 10° 10°
Czestotliwos¢ [Hz]

(b) (d)
—u— substancja lita 4F1B Tg,imerfacial B
4F1B w porze krzemowym (d = 5nm) : od (DSC) //
natywnym ==
]>Q'1— silanizowanym = —
© L,
S . N
H S s
w > . m— materiat lity
= O 41 3 4F1B w nanoporze:
w - D silanizowanym
102 v ] 4F1B w natywnym nanoporze:
.\\._. 6 o 2 gtéwny proces relaksacji; —— VFT fit
- - 2 dodatkowy proces relaksaciji; Arrhenius fit

162 163 164 165 166 4 4.2 4.4 46 48 5 52 5.4 5.6 5.8 6
Czestotliwos¢ [Hz] 1000/Temp. [1/K]

Rysunek 11. (a,b) Widma strat dielektrycznych dla wybranych AF. (c,d) ZaleznoS$ci

temperaturowe czasow relaksacji wybranych AF przedstawione w funkcji 1000/ Temp.

Aby to sprawdzi¢, przeprowadzone zostaly badania za pomoca spektroskopii w

podczerwieni. Rysunek 12 przedstawia widma w podczerwieni w zakresie spektralnych 3700
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—3000 cm-1 alkoholi litych i ograniczonych przestrzennie. Na podstawie pomiaréw w szerokim
zakresie temperaturowym mozliwe bylo ocenienie wplywu temperatury na dynamike
ograniczonych przestrzennie alkoholi. Wraz z obnizeniem temperatury obserwowane jest
przesuniecie ¢zestosci pasma Voy gssoc W Strong nizszych liczb falowych zarowno w porach,
jak 1 materiatach litych. Efekt ten, wskazuje na wyraznie wzmocnienie tworzacych si¢ wigzan
wodorowych po ochtodzeniu uktadéw. Co wigcej, w obu grupach uktadow intensywnos$¢ pasma
Vou free Maleje wraz z obnizeniem temperatury, wskazujgc na wyzszy stopien asocjacji
molekul. Analizujac wplyw ograniczenia przestrzennego w temperaturze pokojowej (Rys. 12)

zauwazalne sg zmiany giownie w intensywnoSci pasma Vo free Oraz szerokosci pasma

VoH assoc> €0 MOWi odpowiednio o zmniejszeniu stopnia asocjacji w mezoporach oraz wigkszej
heterogenicznosci wsrod molekut tworzacych wigzania wodorowe. Jak mozna zauwazyd¢,
wicksze zmiany na widmach IR zauwazalne sa dla probek wprowadzonych do natywnych
krzemowych membran, co mozna powigzac z silniejszym wptywem oddziatywan alkohol — por
warstwy przySciankowe] na zachowanie asocjacyjne AF. Obnizanie temperatury powoduje
dalsze zmiany. Widoczne s3 przesuni¢cia czestoSci pasm Voy gssocs - Ograniczone
geometrycznie AF charakteryzujg si¢ wigkszymi warto$ciami liczb falowych w poréwnaniu do
materialow litych (Tabela 2). Wskazuje to na ostabienie wigzan wodorowych. Wciaz
obserwowalne na widmach sg pasma Vo free dla alkoholi w porach, tym samym, ograniczenie
przestrzenne hamuje asocjacje, obserwowalng dla materialow litych. Interesujgce sg takze
zmiany w szerokosci potdéwkowej pasm — widma infiltrowanych alkoholi cechujg si¢ znacznym
ich poszerzeniem w stosunku do alkoholi litych. Najwigksze odchylenia w szerokosci
wystepuja po stronie lewego ramienia pasma Vyy , W zakresie spektralnym utozsamianym ze
,»stabszymi” wigzaniami wodorowymi, co moze wskazywac na obecnos¢ dodatkowego wktadu
od czasteczek slabiej zwigzanych. Dekonwolucja pasma v,y za pomoca funkcji Gaussa
wymaga uzycia dwoch sktadowych w przypadku materiatu litego, a dla infiltrowanych alkoholi
— trzech. Dodatkowy wktad zlokalizowany zostal w zakresie wyzszych czgstosci, co sugeruje

istnienie dodatkowych, stabszych oddziatywan migdzyczasteczkowych.
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Rysunek 12. Widma w podczerwieni w zakresie spektralnym 3750 — 3000 cm™! zarejestrowane

dla AF jako materialow litych oraz wprowadzonych do natywnych i silanizowanych
mezoporéw krzemowych (d = 5 nm). Widma zarejestrowane sg w temperaturze (a) pokojowe;j,
(b) temperaturze zeszklenia warstwy przysciankowej oraz (c) temperaturze zeszklenia warstwy

rdzeniowej.
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Tabela 2. Wartosci liczb falowych pasma vy gss0c dla AF jako materialow litych oraz w

ograniczeniu przestrzennym.

Alkohol Von assoc [cM™] Vou assoc [cM] Vou assoc [cM™]
W T pokojowej W Ty interfacial W Tgcore
materiat lity
2F1E 3330 3285 3262
3F1P 3331 3285 3268
4F1B 3330 3287 3274
SF1P 3330 3293 3280
natywne membrany krzemowe
2F1E 3329 3291 3273
3F1P 3328 3291 3279
4F1B 3333 3286 3272
SF1P 3327 3298 3274
silanizowane membrany krzemowe
2F1E 3337 3291 3277
3F1P 3329 3288 3263
4F1B 3328 3297 3285
5F1P 3326 3294 3282

Oszacowujac energi¢ aktywacji procesu dysocjacji (E,) zachodzacego w membranach
krzemionkowych, otrzymane energie charakteryzuja si¢ mniejszymi warto§ciami w
poréwnaniu do materiatéw litych ((E4 ~7 — 9 kJ mol™! dla mezoporéw vs E;~10 — 14 kJ mol!
dla materialow litych), (Rysunek 13). Zmiana warto$ci wskazuje na istotny wplyw
ograniczenia przestrzennego na oddzialywania miedzy molekutami. W rezultacie, aby rozerwac
wigzanie wodorowe utworzone w membranach nalezy dostarczy¢ mniej energii niz dla probki
makroskopowej. Fakt ten dobrze koresponduje z nizszym stopniem asocjacji infiltrowanych
alkoholi w poréwnaniu z materiatlami litymi. Co wigcej, zauwazony liniowy wzrost energii
wraz z wydluzaniem tancucha alifatycznego w uktadach litych nie jest obserwowany w
membranach krzemionkowych, gdzie dla kazdego alkoholu energie procesu asocjacji

przyjmuja podobne wartosci.
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Rysunek 13. Warto$ci energii aktywacji procesu dysocjacji dla AF inkorporowanych do

natywnych i silanizowanych membran krzemowych, jak i dla materiatéw litych.
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2.3. Czy alkohole fenylowe sa w stanie tworzy¢ nieodwracalnie zaadsorbowana warstwe
molekul w ograniczeniu przestrzennym?

Zauwazone w widmach IR niewielkie zmiany w strukturze subtelnej pasma Voy gssoc W
temperaturze pokojowej, opisane w podrozdziale 2.2., sktonity do rozmyslan nad
pochodzeniem tego efektu. Mozliwym jest, iz w warunkach normalnych, ograniczenie
przestrzenne nie wpltywa znaczaco na zachowanie asocjacyjne alkoholi, lub, co takze
prawdopodobne, obraz spektralny obserwowany w widmach IR zdominowany jest przez
molekuty warstwy rdzeniowej. Dlatego tez, by zweryfikowa¢ powyzsze hipotezy,
przeprowadzono badania polegajace na odparowaniu alkoholu (2F1E, 3F1P) z wnetrza porow.
Podczas infiltrowania substancji, molekuly znajdujace si¢ w poblizu $cianek materiatu
ograniczajacego przestrzennie, silnie oddziatuja z grupami funkcyjnymi znajdujacymi si¢ na
powierzchni tych $cianek, tworzac warstwe przysciankowa. Przeprowadzone dotychczas na
materialach ograniczonych 1D badania zwigzane z wymywaniem substancji za pomocg
rozpuszczalnika, w celu ,,odslonigcia” zaadsorbowanych molekut pokazuja, iz tworzaca si¢
warstwa jest nieodwracalnie zwigzana z podlozem. Powstaje wigc tzw. nieodwracalnie
zaadsorbowana warstwa (ang. irreversibly adsorbed layer, [AL) [76-79].

W przypadku ponizszych badan zastosowano procedure odparowania probek, ktory trwata
1 godzing. Zastosowana skala czasowa eksperymentu zweryfikowana zostala poprzez
ewaporacje probek litych, dla ktérych parowanie nastgpowato po 40 minutach (Rys. 14a).
Zachodzace zmiany podczas odparowywania sledzone byty poprzez pomiary w podczerwient,
a dodatkowo, przeprowadzone zostaly symulacje dynamiki molekularne;.

Jak mozna zauwazy¢ na Rys. 14a alkohol catkowicie odparowuje po 40 minutach.
Natomiast po przeprowadzonym godzinnym odparowywaniu, infiltrowany do natywnych 1
silanizowanych pordw, alkohol nadal pozostaje w membranach, o czym $wiadcza
przedstawione widma IR (Rys. 14b). Co wigcej, zarejestrowane po odparowywaniu widma nie
wykazuja obecnosci ostrego piku przy ~3750 cm™' (pochodzacego od wolnych grup OH
ugrupowania Si-OH), co wyraznie wskazuje na obecnos$¢ molekut alkoholi w matrycach
krzemionkowych (Rys. 14c¢). To samo zachowanie obserwowane jest takze w przypadku
inkorporowanych alkoholi do membran o $rednicy d = 8 nm. Zatem, obserwowalne na widmach
IR zmiany wynikaja z powstawania warstwy molekut silnie zwigzanych ze $ciankami porow.
Co interesujace, dochodzi do zmiany w strukturze subtelnej pasma v,y — jest ono wyraznie

poszerzone, posiada matg intensywnos¢, a pasmo Vo rree dodatkowo jest przesunigte w strong

wyzszych czestosci. Poréwnujac widma po ewaporacji z widmami alkoholi rozpuszczonych w
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CCl4, mozna stwierdzi¢, iz jesli nawet po odparowaniu w mezoporach pozostaty zasocjowane
molekuly, to na wielkos$¢ takiego agregatu przypadaja 2-3 molekuty, podobnie jak w przypadku
rozcienczonego alkoholu. Co wiecej, ztozony charakter pasma v,y odparowanych probek
dostarcza dowodow, by sadzi¢, ze na granicy faz por — alkohol wystepuje szereg specyficznych

wigzan wodorowych, np. O-H-:-O czy O-H:--m.

(b) 2F1E w natywnym mezoporze krzemionkowym: =—==Pusta membrana krzemowa
(a) ——t =0 min——t = 60 min (C) ===0.1 M roztwér 2F1E w CCl,
2F1E (T = 353 K): = = 2F1E W natywnej membranie po ewaporacji
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Rysunek 14. (a) Widma w podczerwieni 2F1E zarejestrowane w trakcie odparowania
probki, (b) Widma w podczerwieni 2F1E w natywnym porze krzemionkowym zarejestrowane
w 353 K przed i po ewaporacji, (¢c) Porownanie widm w podczerwieni 2F1E jako materialu
litego, rozcienczonego w CCly oraz infiltrowanego do natywnego pora krzemionkowego, (d)
Widmo w podczerwieni w zakresie spektralnym drgan rozciagajacych CH aromatic

zarejestrowane przed 1 po procesie odparowania.

Co interesujace, zauwazalne sa takze zmiany w zakresie spektralnym odpowiadajacym
drganiom rozciggajacym grup CH pierScienia aromatycznego (Vey aromatic) (Rysunek 14d).
Obserwuje si¢ przesunigcie pasm w kierunku wyzszych liczb falowych. Wskazywa¢ to moze
na zmiany konformacyjne wynikajace z procesu adsorpcji lub na wystgpowanie dodatkowych
oddziatywan typu m. Aby ustali¢ mechanizm adsorpcji molekul zmierzone zostaty widma
Ramana przed i po procesie odparowania (Rysunek 15). Pasmo vy gromatic (zlokalizowane
przy 3058 cm™) ulegto przesunieciu do czestosci 3063 cm™! po godzinnym odparowywaniu. Co
wiecej, struktura subtelna pasma odpowiadajacego drganiom rozciggajacym grup C=C
potoZonego przy czestosci 1610 cm™! takze byta widoczna po ewaporacji. Dodatkowo, nie
obserwowano nowych pasm na widmie Ramana po przeprowadzeniu eksperymentu, co
oznacza, ze w badanych uktadach dochodzito do adsorpcji fizycznej. Ponadto, pomiary Ramana

wskazuja na zachodzace zmiany strukturalne/konformacyjne.
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Rysunek 15. Widma Ramana 2F1E jako materiatu litego 1 wprowadzonego do natywne;j

membrany krzemowej zarejestrowane przed 1 po procesie ewaporacji w zakresie przesunigcia

Ramana (a) 3300 — 2700 cm™! oraz (b) 1800 — 500 cm™.

Przeprowadzone badania w podczerwieni zostaly wsparte symulacjami dynamiki
molekularnej. Poczatkowe symulacje wskazaty, iz gestos¢ infiltrowanego alkoholu jest o okoto
30% nizsza niz alkoholu litego (0,67 g-cm™ i1 g cm™, odpowiednio). Nastepnie, zmniejszajac
gestos¢ alkoholu ze 100% do kolejno 75%, 50% 125% odtworzono proces odparowania probki.
W symulacjach wyraznie wida¢, ze zmniejszenie ilosci czasteczek alkoholu ze 100% do 25%
jest zwigzane z tworzeniem si¢ warstwy alkoholu na wewngtrznej powierzchni matrycy
krzemionkowej (Rysunek 16). Dodatkowo, zbadany zostat wplyw $rednicy poroéw na
tworzenie si¢ IAL poprzez symulacje przeprowadzone na membranach o $rednicy d = 8§ nm.
Eliminacja czasteczek alkoholu z wnetrza nanoporéw prowadzi do powstania takiej same;j
warstwy jak w przypadku poréw o $rednicy d = 4 nm. W ramach badania rozktadu dystrybucji
asocjatow obserwuje si¢ tworzenie si¢ najsilniejszych asocjatow (pod wzgledem sity wigzan
wodorowych) w uktadach litych, a najstabszych w ograniczeniu d = 4 nm. Co wigcej
dystrybucja agregatow tworzacych si¢ poprzez oddziatywania alkohol - alkohol w
ograniczeniu przestrzennym jest podobna do tej w uktadzie litym, natomiast $redni rozmiar
klastrow jest mniejszy w mezoporach w poréwnaniu do substancji litej. Wynik ten dobrze
koreluje z badaniami w podczerwieni, gdzie obserwowalna byta niewielka zmiana w pozycji
pasma vy pomiedzy uktadem litym a porami. Poréwnano takze ilo$¢ asocjatéw catej populacji

probki (tj. biorac po uwage obie frakcje molekut) w zaleznosci od gestosci alkoholu w
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mezoporach (100% 1 50%). W obu przypadkach 2F1E cechuje si¢ wigksza ilo$cig agregatow
niz 3F1P. Natomiast, gdy kryterium poréwnania sg wigzania wodorowe wystepujace w
warstwie rdzeniowej, ilos¢ wolnych grup hydroksylowych jest wyzsza w ograniczeniu dla obu
alkoholi w poréwnaniu do uktadéw litych. Ta zalezno$¢ dobrze odpowiada zmianom

widocznym na widmach IR, gdzie intensywno$¢ pasma Vop free Jest wyzsza dla

inkorporowanych alkoholi niz dla substanc;ji litych.

y - dtugos¢ [nm]

y - dtugosc [nm)]

X - dtugosc [nm]

Rysunek 16. Rozklad gestosci AF w matrycy porowatej przy zatozeniu gestosci,
odpowiednio 100, 75, 50 oraz 25%.

Dodatkowo, za pomoca obliczen z wykorzystaniem teorii funkcjonatu gestosci (DFT)
oszacowana zostala energia oddziatywan alkohol — alkohol oraz alkohol — por. Energia wigzania
wodorowego warstwy przys$ciankowej jest wigksza niz energia warstwy rdzeniowej, ale tylko
wtedy, gdy por jest grupa protonodonorowa, a alkohol grupa protonoakceptorowa wigzania
wodorowego. Wtedy energic oddziatywan wynosza Epnsion = 453 kI mol! oraz
Eint,sio,n, = 50,2 kJ mol!. Oznacza to, Ze z energetycznego punktu widzenia, takie
oddzialywania sg najstabilniejsze. Biorac pod uwage zmiany pasma Vey gromatic Obserwowane
w widmach IR i Ramana, zostata obliczona takze energia mozliwych oddziatywa¢ typu n-m, tj.
oddziatywan typu sandwich oraz T-shape, ktorych warto$ci wynosity odpowiednio
Eint sanawich = 26,8 kI mol" i Epy r_spape = 16,4 kI mol™. Symulacje potwierdzity
wystepowanie oddziatywan typu m, ktére posiadaly mniejsze warto$ci energii niz wigzania
wodorowe, a dodatkowo stabilizowaly energetycznie tworzaca si¢ warstwe zaadsorbowanych

molekut.
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3. PODSUMOWANIE

Niniejszy cykl publikacji dostarcza nowych informacji na temat asocjacji alkoholi
monohydroksylowych, w tym przypadku alkoholi fenylowych oraz cykloheksylowych poprzez
analize wpltywu zmian w strukturze chemicznej, oddziatywan miedzyczasteczkowych,
temperatury, zawady sterycznej, czy wykorzystania ograniczenia geometrycznego. Dodatkowo,
podjety zostal temat zjawiska nieodwracalnie tworzacej si¢ warstwy, do tej pory opisywanej w
przypadku uktadow ograniczonych przestrzennie jedno— lub trojwymiarowo.

Jak pokazaly przeprowadzone systematyczne badania przy uzyciu rdéznych technik
eksperymentalnych, dlugos¢ tancucha alifatycznego moze wptywaé na asocjacj¢ alkoholi
fenylowych. Wyniki pokazuja, iz wraz ze wzrostem grup metylenowych w tancuchu, wystepuja
nieliniowe zmiany we wlasciwos$ciach strukturalnych, spektroskopowych, termicznych,
dielektrycznych i powierzchniowych badanych uktadow. Co interesujace, skrajne wartosci tych
wiasciwosci obserwowano dla alkoholi w $rodku serii dtugo$ci tancucha, co wskazuje na
znaczaca zmian¢ w mechanizmie asocjacji molekut. Najbardziej jednolity pod wzgledem sit
wigzan wodorowych byl 3F1P (poréwnanie szerokosci pasm vpy), a nastgpnie obserwowano
wzrost heterogenicznos$ci dla dalszych uktadow, co wskazuje na znaczacy wptyw oddziatywan
dyspersyjnych, co dodatkowo potwierdzity badania dielektryczne. Niewatpliwie role w
asocjacji czasteczek odgrywala takze odlegtos¢ grupy hydroksylowej od pierScienia
aromatycznego. Jak wskazuja rosngce z wydtuzeniem tancucha alkilowego wartosci stopnia
asocjacji oraz energii aktywacji procesu dysocjacji, molekuly ,,dtuzszych” alkohole lepiej ze
sobg oddziatuja (asocjuja).

Poréwnanie zachowania alkoholi aromatycznych z ich cykloheksylowymi odpowiednikami
wskazaly na znaczace roznice miedzy dwiema grupami alkoholi ujawniajac rdéznice w
strukturach tworzacych si¢ wigzan wodorowych. Badania strukturalne, spektroskopowe oraz
dielektryczne sugeruja, Ze zamiana pierscienia aromatycznego na cykloheksylowy prowadzi do
znaczacych roznic w sile 1 populacji tworzacych wigzan wodorowych — cykliczne alkohole
lepiej asocjuja. Ogolnie ujmujac, przeprowadzone badania, przyczynity si¢ do lepszego
zrozumienia asocjacji materialow 1 korelacji migdzy wigzaniem wodorowym a strukturg
chemiczna.

W kolejnym etapie, wprowadzono alkohole fenylowe w natywne 1 silanizowane
krzemionkowe mezopory (d = 5 nm) celem okre§lenia wptywu ograniczenia przestrzennego, a
w szczegolnosci jak oddziatywania miedzyczasteczkowe wptywaja na zachowanie badanych
uktadow. Jak si¢ okazalo, dochodzito do zmian w procesie asocjacji molekut w poréwnaniu do

materiatow litych. Alkohole fenylowe w mezoporach charakteryzowaty si¢ obecnoscia dwoch
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przejs¢ szklistych. Co interesujace, ujawnil si¢ dodatkowy proces relaksacji, szczegolnie
zauwazalny w przypadku dhuzszych tancuchéw alifatycznych, ktoérego pochodzenie
molekularne pozostaje niejasne. Widoczna catkowita asocjacja w przypadku uktadow litych
zostala zahamowana w krzemionkowych matrycach, a obliczone wartosci energii asocjacji byty
nizsze niz ich lite odpowiedniki. Obserwowane zmiany tlumaczone zostaly tworzeniem
dodatkowej warstwy miedzyfazowej, wptywajacej na zachowanie alkoholi. Odkrycia te,
przyczynity si¢ do zwigkszenia naszej $wiadomos$ci na temat asocjacji cieczy w ograniczeniu
przestrzennym.

Ostatni etap prac skupit si¢ na badaniach nierozerwalnie zaadsorbowanej warstwy molekut
alkoholi fenylowych w krzemowych matrycach porowatych. W wyniku przeprowadzenia
procesu odparowania, monitorowanego za pomocg spektroskopii w podczerwieni, udato si¢
usunag¢ z ukladu molekulty warstwy rdzeniowej, tym samym ujawniajagc warstwe
przysciankowa. Uzyskane "szczatkowe" widmo IR w wysokim zakresie liczb falowych
charakteryzowato si¢ nowa subtelng strukturg w poréwnaniu do tej w alkoholach litych i
ograniczonych przestrzenie. Zaobserwowane zmiany sugerowaty réznice w utozeniu zar6wno
wolnych, jak i1 zwigzanych grup OH, co wynikalo z tworzenia si¢ warstwy czasteczek
zaadsorbowanych na $ciankach poréw. Eksperymentalne wyniki zostaty potwierdzone przez
symulacje dynamiki molekularnej, ktore takze wskazywaly na tworzenie si¢ silnie
zaadsorbowanej warstwy tworzacej si¢  poprzez wigzania wodorowej, dodatkowo
stabilizowanej przez oddzialywania n-m. Nowatorskie podejscie pozwolito nam na odkrycie
silnie zwigzanych warstw czasteczek alkoholi w membranach porowatych charakteryzujacych
si¢ podobnymi wlasciwosciami do warstw badanych w cienkich warstwach czy nanoczastkach
krzemowych.

Podsumowujac, niniejsza rozprawa doktorska dostarcza nowych 1 interesujgcych danych
dotyczacych asocjacji alkoholi monohydkrosylowych. Zawartej w niej wyniki sg interesujace,
a mianowicie, skupiaja si¢ na stabo badanej grupie alkoholi, tj. alkoholi fenylowych, dla
ktorych dotychczasowa wiedza o asocjacji tych molekut dostarcza sprzecznych informacji.
Praca doktorska pokazuje jak wiele czynnikow wplywa na mozliwos¢ agregacji czasteczek.
Waznym aspektem jest wskazanie wptywu dlugosci tancucha oraz zawady sterycznej. Co
istotne, dynamika ograniczonych przestrzennie alkoholi réznita si¢ od materialow litych, a
szczegOlnym osiggnieciem jest eksperymentalne potwierdzenie tworzenia si¢ nieodwracalnie
zaadsorbowanej warstwy dla materialdw w ograniczeniu 2D. Przeprowadzone badania sa
niezwykle wazne z punktu widzenia rozszerzenia naszej wiedzy o oddzialywaniach
miedzyczasteczkowych, zjawiska asocjacji 1 wplywu ograniczenia przestrzennego, a
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dodatkowo mogg wspomodce badania istotne z punktu widzenia projektowania nowych

materialow.
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Introduction

The impact of the length of alkyl chain on the
behavior of benzyl alcohol homologues — the
interplay between dispersive and hydrogen bond
interactionst

N. Soszka, {9°° B. Hachuta, 2 **° M. Tarnacka,®™ E. Kaminska, ° J. Grelska, (9"*
K. Jurkiewicz, (2 °¢ M. Geppert-Rybczynska,” R, Wrzalik,* K. Grzybowska, (& 5=
S. Pawlus, 9 °° M. Paluch™ and K. Kaminski @

In this work, we examined the effect of the length of alkyl chain attached to the benzene ring on the
self-assembling phenomena for a series of phenyl alcohol (PhA) derivatives, from phenylmethanol
(benzyl alcohol) to 7-phenyl-1-heptanol, by means of X-Ray Diffraction (XRD), Differential Scanning
Calorimetry (DSC), Fourier Transform Infrared (FTIR}) spectroscopy, and Broadband Dielectric
Spectroscopy (BDS) methods. XRD data in the reciprocal and real spaces showed a gradual increase in
the local order with the elongation of the alkyl chain. However, the position and full width at half
maximum of the main diffraction peak exhibited a non-systematic behavior. To better understand this
fact, PhAs were subjected to FTIR spectroscopic studies. These investigations revealed that the
association degree and the activation energy of dissociation increase as the alkyl chain length grows.
On the other hand, BDS data showed a non-monotonic variation in the Kirkwood correlation factor with
increasing length of the alkyl chain, indicating a competition between interactions of the non-polar and
polar parts of the molecules in the studied PhAs. Finally, it was also found that the molar surface entropy
for PhAs increases with the number of methylene groups, approaching values reported for alkanes,
which indicates suppression of the surface order for PhAs with a long alkyl chain. This variability of the
various parameters as a function of the length of the side chain shows that the interplay between soft
interactions has a strong impact on the local structure and intra and intermolecular dynamics of the
studied PhAs.

the physicochemical properties of a given system, as well as on
their self-association ability. In fact, in some particular systems,

In nature, there are few fundamental noncovalent molecular
bonds: (i) the purely electrostatic Coulomb ones occurring in
ionic systems, (i} hydrogen bonding, and (iii) van der Waals
interactions, in which electrostatic forces also play an important
role. The character of the interactions has a strong influence on
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having characteristic structural motifs - such as coupled aromatic
rings, long aliphatic chains or functional hydroxyl, amine,
carbonyl, and thiol moieties, molecules tend to organize in
supramolecular clusters due to the interactions that are of
hydrophilic (polar units) or hydrophobic (aromatic rings, aliphatic
chains) nature. In many compounds, the competition between
these interactions has a significant impact on the mechanism of a
wide variety of processes, including micelle formation, vesicles,
and bilayer organization, or protein folding."™" 1t was found that
the contributions of the hydrophobic interactions (HIs) in driving
important processes, like the double-helix formation of DNA
and the aqueous dissolution of cellulose, are dominating, whereas
the net contribution from H-bonds (HBs) is small.” There
are numerous other processes in various chemical disciplines,
which also depend strongly on HIs, fe, complexation,
surfactant aggregation, coagulation, and chemical reactivity
(HIs induce significant rate enhancements, including the
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Diels-Alder reaction, 1,3-dipolar cycloaddition, and the Claisen
rearrangement).*”

Amphiphilic compounds, containing both hydrophobic and
hydrophilic components, are model systems for studying the
subtle interplay between both fundamental types of intermolecular
interactions.® This class of materials is well represented by the
alcohols since they contain both a polar head (hydroxyl) group,
which mainly determines the dipole moment of a molecule, and a
non-polar part in the form of hydrophobic hydrocarbon structures.
Thus, the self-assembly properties of alcohols can be tuned by
choice of a specific hydrophobic skeleton (one or more alkyl chains
differing in length and/or branching, the aromatic¢/non-aromatic
ring substituents), and the number of hydroxyl moieties. By
controlling the molecular structure of the hydrophobic and
hydrophilic units, one can maodify the interplay between HBs and
His, and, consequently, molecules of alecohols can associate into
nanoassemblies with various sizes and morphologies. According to
ref. 9, the degree of self-association of aliphatic 1-alcohols, from
methanol to 1-decanol, decreases with an increase in the chain
length because of the growing meaning of the interactions between
them. It was found that these kinds of forces for butyl alcohol and
higher 1-alcohols are more important than the O-H.--O-H
interactions. As a result, methanol, ethanol, and 1-propanol have
unlimited miscibility with water, whereas 1-butanol and higher
1-alcohols are characterized by much lower solubility in this
solvent. What is more, ab initio molecular dynamics simulations
revealed that the HB's geometry, arising from intermolecular
O-H: - -0 interactions in liquid monohydroxy aleohols, shows little
change with an increase in the size of the alkyl group.’® In contrast,
the departures in the H-O---O angle from linearity are seen with
the increase in the alkyl chain, going from methanol to pentanol, in
the crystalline state. Thus, it is interesting whether modifying the
aleohol by introducing a hydrophobic phenyl group(s) into its
backbone and side-chain can influence the architecture of the
nanoassociates.

One can find many papers devoted to the understanding of
the steric hindrance of the phenyl moiety on the self-
association of aleohols, in which two opposite concepts are
presented. On the one hand, it is reported that the steric effect
significantly prevents the formation of an H-bonded network,
hindering the association of molecules in the liquid phase.** **
On the other hand, Bohmer et al. showed that HBs are not
generally suppressed by the steric hindrance of the phenyl ring,
but rather the equilibrium of the ring and chain-like structures
is shifted towards the ring-like ones as the phenyl ring and the
hydroxyl group get closer to each other.'® Our previous paper
revealed a relationship between the self-association ability of
butanol isomers {aliphatic and their phenyl counterparts) and
their molecular geometry (the hydroxyl group location within
the carbon skeleton).'® Based on the diffraction and spectro-
scopic results, we detected a clear difference in the dynamic
and static properties between primary and secondary alcohols,
independent of the steric hindrance posed by the phenyl
moiety. What is important, there are no works on the effect
of the chain length on the H-bonding interactions of phenyl
alcohols (PhAs). To systematically examine how the H-bond
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network of PhAs is affected by the increasing size of the
hydrophobic group, linear (primary) monohydroxy alcohols,
from phenylmethanol (benzyl alcohol) to 7-phenyl-1-heptanol,
were investigated. The studied alcohols have the same hydro-
philic O-H group located at the end of the alkyl chain, but the
length of the hydrophobic alkyl chain increases from one to
seven carbon atoms. Among the large variety of experimental
techniques used to study His and HBs, four different methods
were used to investigate the self-assembling process occurring
in these PhAs, ie., X-Ray Diffraction (XRD), Differential
Scanning Calotimetry (DSC), Fourier Transform Infrared (FTIR)
spectroscopy, and Broadband Dielectric Spectroscopy (BDS).
Moreover, the properties of the surface layers of these PhAs
were analyzed using the pendant drop method.

Materials and methods

The PhAs (C;H;-(CH,),-OH, n = 1-5, 7) under investigation, with
a purity higher than 98%, were purchased from Sigma-Aldrich.
Prior to use, the alcohols were dehydrated to remove water by
freezing them in liquid nitrogen. The chemical structures of the
studied alcohols are shown in Scheme 1.

Broadband dielectric spectroscopy (BDS)

BDS measurements were carried out on heating after fast
quenching of the liquid state in a wide range of temperatures
(173-303 K) and frequencies (10~ '-10° Hz) using a Novocontrol
spectrometer, equipped with an Alpha Impedance Analyzer
with an active sample cell and Quatro Cryosystem. The samples
were placed between two stainless-steel electrodes (diameter:
15 mm, gap: 0.1 mm) and mounted inside a cryostat. During
the measurement, each sample was maintained under a dry
nitrogen gas flow. The temperature was controlled with Quatro
Cryosystem using a nitrogen gas cryostat, with a stability better
than 0.1 K.

Differential scanning calorimetry (DSC)

Calorimetric measurements were carried out using Mettler-
Toledo DSC apparatus equipped with a liquid nitrogen cooling
accessory and an HSSB ceramic sensor (heat flux sensor with
120 thermocouples). Temperature and enthalpy calibrations
were performed by using indium and zine standards. The
sample was prepared in an open aluminum crucible (40 pL)
outside the DSC apparatus. Samples were scanned at various

temperatures at a constant heating rate of 10 K min™",

4Phenyl-1.butanol (4Ph18)

SPhonyl1 Phet

Scheme 1 The chemical structures of the PhAs under investigation
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X-ray diffraction (XRD)
XRD measurements were carried out on a Rigaku Denki D/Max
Rapid 1T diffractometer equipped with a rotating Ag anode, an
incident beam graphite (002) monochromator, and a 2D imaging
plate detector. The system operates in Debaye-Sherrer geometry.
All PhAs were measured at room temperature (293 K), and
additionally, 2Ph1E, 3Ph1P, 4Ph1B and 5Ph1P at the glass
transition temperature, T,, whereas PhM and 7Ph1H were
measured at temperatures just before (223 and 253 K, respectively)
and after crystallization (213 and 243 K, respectively). The
temperature was controlled by Oxford Cryostream Plus and
Compact Cooler. The collected tmwo-dimensional diffraction
patterns were corrected for background and converted into one-
dimensional intensity data versus the scattering vector, according
to the formula: Q = 4xn(sinf)/z, where 20 is the scattering angle
and the wavelength of the incident beam, /, is equal to 0.56 A. The
low-Q XRD data in the range of 1.1-1.55 A~ were fitted with
pseudo-Voigt functions to determine the main diffraction peak
positions, and full widths at half maximum, FWHMSs. Then the
1(Q) intensity functions obtained at 293 K for each sample were
corrected for polarization, absorption, incoherent Compton scat-
tering, and normalized to the electron units and transformed to
Laon(Q) — ((£(Q)°) — (/(Q)F)
iy '

where: /..,,(Q) is the coherently scattered intensity normalized to
electron units, { /(@)% = Y e,f (@7, {£(Q)) = X aif(Q)
=l il

and f(Q); are the concentration and the atomic scattering factor
of the i-th atomic species, respectively, and n is the number of
atomic species in the sample. Finally, the diffraction data in
reciprocal space were converted to a real space representation in

the structure factor S[(Q)=

the form of the atomic pair distribution function PDF(r) =

2 p " y o sies
= [ Q[S(@) — 1]W(Q) sin(Qr)dQ. where Q. indicates the
maximum value of Q achieved in the experiment (here Q... =

20 A™") and W(Q) = Sin{rtQ/Q,uV(Q/Qpa) is the Lorch function
used to minimize truncation oscillations.

Fourier transform infrared (FTIR) spectroscopy

FTIR spectroscopy measurements were carried out using a
Thermo Scientific Nicolet iS50 spectrometer in two temperature
ranges: 173-373 K for 2Ph1E, 3Ph1P, 4Phi1B, and 5Ph1P,
and 243-373 K for PhM and 7Ph1H due to their crystallization.
The frequency region included 4000-200 cm . Each spectrum
was an average of 16 scans recorded at a resolution of 2 em ',
The temperature-dependent FTIR measurements —were
performed using a Linkam THMS 600 stage, which controls
the temperature with the accuracy of +0.1 K. The spectra were
collected applying the rate of 5 K min ', PhAs were placed
between the two CaF, windows, separated by the 5 pm thick
spacer to maintain the desired thickness and the constant
geometry. To execute the deconvolution process of the OH
stretching vibration bands, MagicPlot software was utilized
(version 2.9.3, MagicPlot Systems LLC, Saint Petersburg, Russia).

23798 | Phys. Chem. Chem. Phys., 2021, 23, 23796-23807
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The deconvolution turned out to be a three-step process. First, a
band occurring between 4000-3150 cm ' was fitted using two
Gaussian functions to obtain values for the total intensity of the
associated OH groups. Second, the fitted band was subtracted
from the original spectrum to then conduct the fitting for the
non-bonded OH moieties in the range 3700-3500 em™*, also
using the Gaussian function,

Qe t

Density (necessary for surface tension measurements by the
pendant drop method) was measured by means of an Anton
Paar DMA 5000M densimeter. The standard uncertainties are
ulp) =1 x 10 > MPa and »(T) = 0.01 K, and the combined
expanded uncertainty of the density is u(p) =5 x 10 ' g em ?
(at 0.95 confidence level (k = 2)). These measurements were
performed in the temperature range 7= 283.15-323.15 K, with a
step of 10 K and at 298.15 K in order to find the density at
temperatures below 273.15 K but above the melting point of any
liquid. However, for 7Ph1H the density values for surface
tension measurements were estimated based on the literature
value at 293 K (0.9619 g em ') (0.9584 g em " at 298.15 K,
0.9689 g cm *at 283.15 Kand 0.9796 g cm * at 267.85 K).'” The
density of all substances is presented in Fig. S1a (see the ESIT).
The surface tension was measured with the DSA (Drop Shape
Analyzer) 1008 Kriiss Tensiometer (with Advance Software)
using the pendant drop method. The instrumental details and
experimental procedures have been described previously.''" The
temperature range was 298.2-266.6 K with variable steps, and the
number of experimental T points was from 3 to 6. The general
uncertainty of the method was 0.2 mN m ', but in our case, the
standard deviation of the mean value (from 7-10 points) was
below 0.5 mN m . Taking into account the instrument standard
uncertainty and the standard uncertainties in pressure, tfp) =1 x
10 > MPa, temperature and #(7) = 0.1 K and density, u(p) = 5 x
10 " g em Y, the average combined expanded uncertainty u(y)
(at the 0.95 level of confidence, k = 2) was also at this level.

Refractive index measurements

The refractive index measurements, n, of the studied liquids
were carried out using a Mettler Toledo refractometer RM40 in
the temperature range 293-343 K. The temperature stability
controlled with the aid of a built-in Peltier thermostat was better
than 0.1 K. The light source is a light-emitting diode, the beam of
which passes through a polarization filter, an interference filter
(589 nm), and various lenses before it reaches the sample vie the
sapphire prism characterized by high thermal conductivity. The
measurements of #n were performed with a resolution of 0.0001.
Values of # measured at 303 K are listed in Table 1; on the other
hand, their temperature dependences are presented in Fig. S1b
(ESI). Note that the values of n used to calculate the Kirkwood
factor at T, + 10 K were estimated according to the linear fit of
the measured data shown in Fig. S1b (ESI%).

Density functional theory (DFT) computations

The quantum chemical charges were caleulated using the
Mulliken population analysis and the CHelpG potential based

This journal is © the Dwner Societies 2021
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Table 1 Molar mass (M} of the examined PhAs, glass transition temperature (T, determined from calorimetric and dielectric measurements), as well as
values of the stretched exponent (fixww), dipole moment (i, obtained from DFT calculations), refractive index (n, measured at 303 K), and the Kirkwood

factor (g.. calculated at 225 Kand at T = T, + 10 K)

Sample Mgmol™]  Tyose K] Touos [K] for log. = 1005 fryw SatTy+10K  gat225K  p[D]  #at303K
PhM 108.14 — — — — 2 1.393 1.536
2Ph1E 122.16 184 £1 180+ 1 0.80 + 0.1 3.25 2.8 1.597 1.529
3Ph1P"* 136.19 182 £ 1 179 4+ 1 ~0.95 £ 0.1 3.3 3 1.725 1.523
4Ph1B™ 150.22 181 £ 1 177 £ 1 0.91 + 0.1 2.4 21 1.576 1.517
5Ph1P 164.24 182 + 1 174 + 1 0.90 + 0.1 1.5 1.3 1.734 1.512
7Ph1H 192.30 — = — — — 1.544 1.504

method with the Gaussian09 package using the standard
B3LYP/6-311G(d) model with the Opt = Tight option.””

Results and discussion

To gain access to the structural behavior of the studied PhAs
containing the phenyl group and differentiated in terms of the
alkyl chain length, their XRD patterns were collected at two
different temperatures (see Fig. 1a). PhM crystallized at ~215 K
on cooling at a rate of ~5 K min~ ', It has already been reported
in the literature that PhM crystallizes in a monoclinic P2, space
group and forms double molecular chains bonded by a strong
O-H---0 hydrogen bond along the c¢-axis and a surrogate
C-H- - interaction along the b-axis in the crystalline phase.!
Interestingly, the shape of the XRD data for the liquid PhM at
293 and 223 K resembles a broadened pattern of the erystalline
phase (see the bottom panel in Fig. 1a). One can see the
main amorphous halo at ~1.3 A ! but also a weak pre-peak
at ~0.6 A ' and a shoulder at ~1.7 A”". The pre-peak may

correspond to the residue of the (001) reflection of the crystalline
phase while the shoulder appears at the position of the (012),
(003) and (11-1) Bragg peaks for the crystal. It is also worth
mentioning that the appearance of a pre-peak at a low scattering
vector range in various alcohols is generally interpreted as the
existence of clusters of molecules self-assembled via HBs, leading
to the medium-range order.”* Therefore, it can be assumed
that liquid PhM inherits to some extent the intermolecular
arrangement and the H-bonding motif from its crystalline phase,
forming supramolecular clusters.

Interestingly, the diffraction data of other alcohols show
that as the alkyl chain gets longer, the pre-peak vanishes and
the amplitude of the main peak increases. Moreover, the right-side
shoulder also disappears, and the shape of the main peak becomes
more symmetrical. For 4Ph1B and other alcohols with longer chain
lengths, the XRD patterns look typical for ‘ordinary’ liquids,
with only one diffuse amorphous halo. At lower temperatures,
diffractograms for all samples shift towards higher Q-values, which
is a classic temperature cffect. 7Ph1E crystallized on cooling at
~243 K (sec the upper panel in Fig. 1a). However, the behavior of

(a) 7Ph1H / (b)1.40
/ ® Troom
136+
5Ph1P \ & e ®
b [
O 1364
= [+Pme < =
- 1.34 Ll T I I |l T
T, o PhiM 4PH1E 5Ph1P 7Ph1H
2 [3PhiP /‘ - (c)"%2 L 1 L L L 1
7] = o ==
q:) ‘ @.»/ '_0.60 - Troom
. |
E [pnie - SE088
| S = 056
v — — T
e 0.54
PhM g L s = 8
.52 -
!' | |
A 0.50
0.5 10 15 20 N >
A -1
Scattering vector [A”] Length of alkyl chain

Fig.1 XRD patterns of the studied PhAs at room and lower temperatures {a). The changes in the main peak position, Q. (b} and the full width at half
maximum, FWHM, (c) at 293 K as a function of the alkyl chain length of the PhAs.
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7Ph1E is different when compared to PhM as the shape of the
diffraction pattern for 7Ph1E in the liquid phase does not resemble
that registered for the crystal.

As for the interesting pre-peak feature being a fingerprint of
supramolecular clusters in alcohols, we observe, in fact, a very
weak bump only for PhAs with short alkyl tails up to n = 3.
In the literature, the behavior of the pre-peak intensity as a
function of alkyl chain length is intensively investigated for
various series of compounds. However, usually the opposite
trend is observed, namely an increase of the pre-peak amplitude
with elongation of the alkyl chain, e.g., for monohydroxy alcohols
and diols,”** as well as ionic liquids.*® ** In the case of the
former group of compounds, it was explained that it arose due to
the better chain-like association of molecules and the increase in
the size of chain-like clusters with increasing alkyl chain length.
However, in the case of diols it was possible to separate out the
pre-peak feature only in the theoretical scattering function from
computer simulations, while in experimental diffraction data,
the pre- and main peaks were smeared into a single feature.
Therefore, based on only cursory experimental diffraction data,
it is difficult to tell if specific clusters can appear and describe
them quantitatively. The pre-peak is a complex feature arising
due to interplay between correlations and anti-correlations of
the atom-atom structure factors and its behavior cannot be
understood without a model-based investigation. It was nicely
presented by Pozar et al.”” for a series of linear OH(CH,), ,CH;
alkanols from methanol to 1-nonanol. They showed that for
longer alkanols, the alkyl tails are strongly anti-correlated with
the head OH groups, influenced by the ordering of the alkyl tail
groups and the micro-segregation, contributing negatively to the
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pre-peak. Therefore, the absence of the pre-peak in the experi-
mental XRD data for the studied herein PhAs with long alkyl tails
does not mean they exhibit no supramolecular ordering. Pozar
et al.”* also noticed a crossover phenomenon for n = 4 as a
direct consequence of increasing the flexibility of alkyl tails with
increasing their length and cancellation of atom-atom contributions
to the total structure factor, evidenced as the increase in the
pre-peak intensity up to n = 4 and then the decrease with the
elongation of the alkyl tail.

Here the analysis of the pre-peak parameters is not feasible
due to its very low amplitude. However, following the position
and the FWHM of the main diffraction peak for data measured
at 293 K, presented in Fig. 1b and ¢, we can also notice that they
behave in a non-systematic way with the elongation of the alkyl
chain. In turn, the amplitude of the main peak increases
systematically, which can be more clearly seen from the com-
parison of the structure factors shown in Fig. 2a. The increase
of the local intermolecular order as a function of the alkyl
chain's length is also witnessed by the increase of the amplitude
of the PDF(7) peaks, as can be seen in Fig. 2b. To provide more
information on the supramolecular structuring in these PhAs,
further FTIR and BDS studies were carried out.

Moreover, using the FTIR absorption technique, we have
studied the perturbation of the H-bonded supramolecular network
in PhAs due to the hydrophobic effects arising from the side chain.
We performed studies in a wide range of temperatures (see all
the spectra in Fig. S2 in the ESIf). A comparison of the
FTIR spectra in the OH and CH stretching frequency ranges,
collected at Tyeax, Taosx and 7, is shown in Fig. 3. At
~3300 em ' the broad band corresponding to the stretching
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Fig. 2 Structure factors of the studied PhAs at room temperature (a); the data is rounded-up by a value of 1 for clarity. The inset shows the comparisan
of the main peak region. The corresponding atomic pair distribution functions for the short-range correlations are shown in (b); the data is rounded-up
by a value of 1 for clarity. The inset shows a lenger range of intermolecular correlations,
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Fig. 3 Infrared spectra of PhAs in the 3750-3000 cm ! frequency range, measured at 368 K (red line), 293 K (green line}, and 183 K iblue line); for PhM

and 7Ph1H, the blue line indicates the temperature of 243 K {just before crystallization]. The presented spectra were normalized to the intensity maximum

of the OH band.

vibration of H-bonded OH groups (Vo assee) Can be observed.
Additionally, the peak of small intensity at ~3570-3540 cm ' is
detected. It is assigned to the non-H-bonded OH groups
(Vow frec), which was also confirmed by measuring the IR
spectra of PhAs in various organic solvents (Fig. S3, ESIT).
The bands located in the 3150-2750 em ' region are related
to the stretching vibrations of the CH groups (Fig. S4 and S5;
please see the ESIT for more details). Our results clearly show
that with the increase of temperature the voyawec band
intensity, corresponding to the population of H-bonded OH
moieties, decreases. At the same time, the intensity of the
Vorgree Dand increases. This behavior indicates that at higher
temperatures, the concentration of non-H-bonded molecules
grows at the expense of H-bonded species. On the other hand,
the lowering of temperature causes a red-shift of the OH band’s
wavenumber. This fact is connected to a decrease in the
distance between O and H atoms, leading to strengthening of
the O-H---O intermolecular bonds. Moreover, the integral

This journal is @ the Owner Societies 2021

intensity of the vy a0c band grows during cooling, which
is related to the increase in the number/amount of HBs.
Additionally, the FWHM of the v w0 decreases during the
temperature drop, revealing that the H-bond network becomes
more homogeneous. As mentioned before, PhM and 7Ph1H
crystallize at lower temperatures. The spectral profiles of the
von band recorded for them in the liquid and solid states are
compared and discussed in the ESIT (Fig. S6).

Analyzing the spectral parameters of the OH band, one can
presume that at Thq3x PhM creates the strongest HBs, based on
the smaller value of the vgy 4ss0c band position (~3322 cm '),
while the strength of the HBs for the other PhAs is smaller
(Yom,amoc ~ 3330 em ') and appears to be independent of the
chain length. At 7, the alcohols with an even number of alkyl
groups in the chain (2Ph1E, 4Ph1B) exhibit stronger HBs than
those with an odd number (3Ph1P, 5Ph1P). This phenomenon,
called “the odd-even effect”, describing an alternative alteration
of material structures and/or properties depending on the odd/
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even number of structural units in a molecule, is well-known in
chemistry, physics, biology, and materials science.” Moreover,
at T, no sign of the v e band is detected in all PhAs.

As can be seen from Table S1 (in the ESI¥), the FWHM value
of the Yo ussoe band at 293 K first decreases with the elongation
of the alkyl chain from PhM to 3Ph1P, and then starts to
increase to 7P1H. In detail, PhM at 93k, and also at Tyggy,
has the broadest vy qys0c Dand. Therefore, one can deduce that
the close location of the OH group to the phenyl ring (the most
significant steric hindrance) may be responsible for the biggest
diversity and distribution of the HBs. On the other hand, 3Ph1P
is characterized by the narrowest 1y assoc band, indicating the
greatest homogeneity of HBs in terms of the strength with
respect to other PhAs. This suggests a change in the hydrogen
bonding organization, going from short to longer alkyl
chain PhAs.

For better insight into the behavior of the self-assembling
PhAs during temperature changes, analysis of the integral
intensity of the vy awee aNd Pop free Dands at Tgax and Tiggx
was performed (Fig. 4a and b). It turned out that the longer the
aliphatic chain, the more capable of the association the PhA is.
The estimated percentage values of non-H-bonded hydroxyl
moieties are presented in Table S1 (ESIT). PhM and 2Ph1E
show the highest intensity of the vy e band, while the voy frec
band of 7Ph1H is characterized by the lowest intensity, indicating
the smallest amount of non-H-bonded OH groups. This finding is
in sharp contrast to aliphatic alcohols, where the degree of
association vie HBs decreases with the alkyl chain elongation
due to the growing impact of dispersive interactions.”

Furthermore, we determined the activation enthalpy, E,, for
the dissociation process of PhAs to recognize how the chain-
lengths of the PhAs modulate the hydrogen bond formation.
A procedure for the calculations of the dissociation of alecohols
is described, in detail, in the ESL% It was found that £,
increases with the elongation of the aliphatic chain in PhAs
from ~9 k] mol * for PhM to ~ 14 kJ mol * for 7Ph1B (Fig. 57,
S8 and Table S2, ESI7). This means that more energy is required
to break the intermolecular interactions between molecules
with a longer alkyl chain. This fact may be connected with
the alkyl chain flexibility, which can influence the molecular
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conformation, packing, and intermolecular interactions (the
supporting C-H. - .x, O-H. --m andfor C-H- .0 interactions) of
the studied alcohols. On the other hand, the steric hindrance of
the phenyl ring inhibits the formation of HBs between OH
groups when the distance between them is small, e.g., as in
PhM. However, as the length of the aliphatic chain grows, the
distance between the phenyl ring and OH unit increases, which
allows the self-association of PhAs to a larger degree. This fact
is consistent with the FTIR results since PhM exhibits the most
prominent vibrational band related to non-associated OH
groups, whereas for 7Ph1H this peak is the lowest.

Moreover, the FTIR study of PhAs dissolved in tetrachloride
carbon (CCl,) solutions was performed to examine the average
number of H-bonded molecules in the supramolecular assemblies,
n. As determined, the n value for the PhAs is equal to about 2-3,
suggesting that the alecohol molecules associate as small aggregates,
ie., in dimer or trimer forms (Fig. 89, ESIt).

Aside from these investigations, we also carried out additional
Mulliken and CHelpG charges. The obtained calculated values of
these charges are shown in Fig. S10 and Table S3 (ESIT).

We also measured the surface tension, y, and calculated
the surface entropy, $%, as well as molar surface entropy, S5,.
The estimated values of S S,, and 7 at different temperatures
are presented in Fig. S11-S14 and listed in Table S4 (ESIY).
As found, the variation of ; for all investigated substances at
298.2 K does not exceed 2 mN m . Thus, it is similar to alkyl
alcohols, from methanol to 1-heptanol,®*' but the direction of
the changes in y with the length of the alkyl chain in PhAs is
reciprocal to those known for alkyl alcohols, namely PhAs with
a longer alkyl chain are accompanied by a lower 7. However, the
highest value of ; appears again for 2Ph1E which correlates
with the findings from other methods. It should also be noted
that the numerical values of 7 for PhAs are almost two times
higher than for alkyl alcohols™ and higher than for benzene
(28.18 mN m ! at 208.15 K)*? (Fig. $12, ESI?). It seems that y for
PhAs resembles rather that obtained for phenol (40.50 mNm '
at 301.15 K).*' Much more interesting is the temperature
dependence of 3, which can be used to calculate the $*
(8" = —(ﬂ) , mN m™ K') and S, (S, =-845-F>"

5T/,

(b) i |
- 2PME
= pe 3PN 1P
27 —
S f——7Pn1H
[ .
(5]
&
_e B
o
§ §
3 T T T
3800 3600 3400 3200

Wavenumber [cm‘1]

Fig. 4 FTIR spectra of the studied PhAs at (a) 293 K and (b) 368 K. The insets in panels (a) and (b) show enlargements of the stretching vibration band of
non-bonded OH groups. The spectra were normalized to the OH stretching vibration intensity peak.
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(—%) ,J K " mol ). The thermodynamic justification and
»

interpretation of these quantities are given in detail in ref. 34-36.
Both quantities given above are often discussed in relation to the
surface order, but the molar surface entropy, S, being a measure
of the entropy of the surface of a sphere containing 1 mole of
molecules, can also be interpreted in terms of possible interac-
tions, like hydrogen bonds."” The most probable value for many
organic substances is around 20 ] K" mol "’ (in the presence of
HBs), as for most of them, the primarily quantum effects derived
from London dispersion forces are the most dominant in surface
tension.*® However, for alkyl alcohols {and here for PhAs),
especially for short-chain representatives, S, are lower which
can indicate that the surface molecules of these substances are
ordered similarly as in the bulk. What is more, it is suggested
that molecules in these systems can be bunched together in a
monolayer in the surface and hydrogen-bonded to the surface by
their hydroxyl groups. This situation is opposed to alkanes
having large S,, suggesting their weak mutual attraction™ and a
loss in order on surface formation. For comparison, S, for
benzene is 21.81 ] K~ ' mol ', but for water it is 8.8 JK ' mol *.**
As observed, the 5% of PhAs increases with the elongation of the
alkyl chain, whereas the $“ behavior for alkyl alcohols is the
opposite. In this way, the 5° of 5Ph1P and 1-pentanol, as well as
7Ph1H and 1-heptanol, are very close (see Fig. $13, ESIT). The S,
value for PhAs and alkyl alcohols increases with the number of
methylene groups and has similar values, which supports the idea
of similarity between these two homologous series, despite the
phenyl moiety in PhAs (Fig. S14, ESIT).
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After XRD, FTIR, and 7 investigations, we carried out BDS
measurements to characterize the molecular dynamics of the
PhAs systems. It is worth mentioning that the BDS experiment
was not possible to perform for two PhAs, i.e., PhM and 7Ph1H,
due to their strong crystallization tendencies upon cooling.
Representative dielectric loss spectra collected at temperatures
higher than 7 for 2Ph1E and 5Ph1P are illustrated in Fig. 5.
As can be observed, except for the de-conductivity, one dominant
relaxation mode, which shifts toward lower frequencies with
decreasing temperature, can be detected in the presented spectra.
Note that a similar scenario oceurs in 3Ph1P** and 4Ph1B.*

In the inset of Fig. 5b, we have compared the dielectric
spectra of 2Ph1E, 4Ph1B, and 5Ph1P, taken at the indicated T
near 7, ( fy ~ 5 Hz). At first sight, one can find that the shape
of the peak is the same, regardless of the length of the alkyl
chain in the considered PhAs. Indeed, by fitting the data to the
one-sided Fourier transform of the Kohlrausch-Williams-
Watts (KWW) function:*"**

lbxww(l) = L‘xp[—((h)ﬂxww] (l)

we determined the same stretched exponent, fixww = ~ 0.90, for
the studied alcohols (see Table 1). Note that the fiy., reported
in the literature for 5Ph1P (~0.95) is very similar to this
value.'” Fitting of the KWW function to the dielectric data
clearly indicated that the main process observed in the loss
spectra of PhAs reveals the Debye-like (D) character (fixwyw = 1).
This observation remains in agreement with recent reports on
similar systems bearing a phenyl moicty in the structure. The
small deviation of the loss peak from the Debye response is

it (b) 5Ph1P —rezex
dc-conductivity \\,\\ 10’ AT=4 K

\

= =)
3 2

&
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Fig. 5 Dielectric loss spectra of (a) 2Ph1E and (b} 5Ph1P measured above their glass transition temperatures. The inset of panel (b shows the comparison

of dielectric loss spectra at a constant p, near Tg,
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discussed in the context of its heterogeneous nature. According
to Bohmer et al.'” and Jurkiewicz et al.,*® the structural and
much more intense Debye processes contribute to the observed
loss peak. However, due to the similar timescale of both
processes in the loss spectra, only one relaxation peak is visible.
As a consequence of this, we will refer to this peak as Debye-like
in this paper.

Subsequently, to obtain relaxation times of the D-like-
process, 1, the loss spectra shown in Fig. 5 were analyzed with

the use of the Havriliak-Negami (HN) function:*

_\""_ @DC Ac

)= ed + [T+ (i) NN @
where 65 is the de-conductivity, &, is the vacuum permittivity,
@ is the angular frequency (@ = 2nf), A: is the dielectric
strength, and oy and yyy are shape parameters, while Ty is
the HN relaxation time, which can be used to determine 1y, via the
formula given in ref. 26. Note that due to such close proximity of
the Debye and structural relaxation process resulting in the
stretched exponent parameter equal to fiww = 0.90, the fitting
procedure was performed using only one HN function, as the
application of an additional mode provided unreliable and
non-monotonic variation of the fitting parameters with the
temperature for the structural process. This is why we skipped
this kind of analysis of the diclectric data. The temperature
dependences of log;, 7y, for 2Ph1E and 5Ph1P, together with the
same data taken from the literature for 3Ph1P'® and 4Ph1B,”'
are presented in Fig. 6a. From fitting these curves to the

[@ 2pPhiE
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» 4Ph1B, J. Mol. Lig. 2020, 319, 114084
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Vogel-Fulcher-Tammann (VFT) equation:*®

DTy )

T—Tg )

= TVFTCKP(
where Ty is the relaxation time at finite temperature, 1y is the
strength parameter, while T, is the temperature, where tp, goes to
infinity; we calculated the glass transition temperature, T,
(defined as T at which log;, 1y, = 2). The obtained values are given
in Table 1. As can be noted, they are similar to each other (the
difference between T, of the first (2Ph1E) and the last (5Ph1P)
alcohol is equal to 6 K). Based on the above, one can conclude that
the elongation of the alkyl chain in the studied PhAs does not
significantly affect the glass transition temperature. It should be
noted that additional calorimetric measurements carried out on
2Ph1E, 3Ph1P, 4Ph1B, and 5Ph1P [see Fig. 6¢ and Table 1)
confirmed the results of the dielectric studies unambiguously.
Note that the values of T, g (changing in the range 181-184 K),
were a few Kelvins higher than those determined from BDS
investigations (T, gns). This results from the fact that the position
of the structural relaxation is probably slightly shifted compared
to dominating the Debye process.

Finally, to answer the question of whether there is any
variation in the local molecular arrangement in the studied
alcohols, we calculated the Kirkwood correlation factor (gx).
For this purpose, the following equation was applied:"*

B kpeaMT (s — &) (265 + 8 )

PNAtEE(En + 2)°

(4)

k

og

[ @ 2PHIE
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Fig. 6 (al Temperature dependences of the Debye relaxation times, 1o, determined for the examined PhAs, plotted as a function of Ty/T.
(b) Temperature dependences of the Kirkwocd factor, g, together with error bars, (c) DSC thermoagrams collected for the indicated PhAs. The inset in
panel (a) shows the values of g determined at the indicated temperature conditions plotted as a function of the length of the alkyl chain of the examined PAs.
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where kg is the Boltzmann constant (~1.38 x 107 m* kg s * K™ %),
M is the molar mass, p is the density, Ny is Avogadro’s number
(~6.022 x 10*), t is the molecular dipole moment determined
from density functional theory (DFT) computations, and ¢, and
&, are the static permittivity and permittivity at infinite
frequencies, respectively (the values of «, were taken from the
BDS data, while &, was estimated from refractive index (RI)
measurements).

The temperature dependences of the gy parameter for four
examined alcohols (data for 3Ph1P and 4Ph1B were taken from
ref. 15 and 39, respectively) are presented in Fig. 6b. It can be
seen that in each case gy increases with lowering 7, which is
similar to the behavior reported for various phenyl propanols, '
phenyl butanols,™ as well as isomers of butanol.'* Another
interesting finding is that there is a non-systematic variation in
gx with the increasing length of the alkyl chain in the structure
of PhAs at T It is clearly visible that g is the highest for 3Ph1P.
Further chain elongation leads to a decrease in this parameter.
Additionally, we also estimated the Kirkwood factor at higher
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PCCP

temperatures, 245 and 225 K for PhM and 7Ph1H (they were
still liquids at these conditions), and compared them to other
systems (see the inset to panel (a) in Fig. 6). The values of gi
calculated at 225 K and at 7' = Ty + 10 K have been collected in
Table 1. It was found that there is a non-monotonic change
in this parameter as the length of the alkyl chain grows.
This strongly indicates that there is a competition between the
interactions of the non-polar and polar parts of the molecules in
the studied PhAs. For the heptanol homologue (7Ph1H), the
dispersive interactions prevail over hydrogen ones, while in
smaller alcohols, either the interactions are comparable, or the
latter forces are dominant.

Finally, the increasing alkyl chain effectively modifies the
structural, thermal, spectroscopic, dielectric, and surface
properties. To better illustrate the alternation of different
parameters described within this paper, we plotted them
against the number of carbon atoms in the side chain. Fig. 7
clearly demonstrates that the consistent, non-monotonic
trends in the analyzed properties as a function of the alkyl
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Fig. 7 The effect of the alkyl chain length on (a and b) structural, {c and d) infrared, (e} thermal, (f} dielectric, and (g and h) surface (298 K| parameters for

the studied PhAs.
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chain length were obtained for the studied PhAs. Interestingly,
the alcohols located more or less in the middle of the series
(2Ph1E/3Ph1M/4Ph1B) exhibit the highest values of d (the
nearest-neighbour correlation distance), T (the glass transition
temperature), gi (the Kirkwood factor) as well as the greatest
@ position and the lowest value of the FWHM of the vy band.
We attribute this effect to the differences in the supramolecular
self-assembly, structural order, and HB patterns, going from
short- to long-chain PhAs, resulting from the interplay between
the dispersive and H-bonding interactions. The other origin of
this effect is the chain flexibility of PhAs due to a larger number
of methylene groups and the formation of other weak inter-
actions between the molecules. What is more, some discussed
parameters (the top.wee band position; CHelpG atomic
charges) also slightly follow the “odd-even" effect related to
the number of carbons in the alkyl chain. In general, our work
illustrates that HBs can be effectively formed in the series of
PhAs differing in the alkyl chain length, irrespectively of the
steric effect of the benzene ring, and the association is primarily
governed by the chemical nature of apolar chains.

Conclusions

In summary, comprehensive systematic studies assessing the
interrelation between the chain length and the self-assembling
process of PhAs have been conducted using different experi-
mental methods. Tt was found that as the number of methylene
groups in the carbon side chain increases, non-monotonic
changes in the structural (the position and width of the main
diffraction peak], thermal (the glass transition temperature),
spectroscopic (the vy bandwidth), dielectric (the Kirkwood
correlation factor) and surface (the surface tension, the surface
entropy, the molar surface entropy) properties are observed.
Surprisingly, extreme values of these parameters are reported
for PhAs from the middle of the series (2Ph1E, 3Ph1P). This
indicates a strong change in the assembling mechanism going
from shorter to longer PhAs. Moreover, with increasing chain
length, the contribution of dispersive forces to the association
is more significant. From the analysis of the diffraction data, it is
clearly seen that the short-range intermolecular order increases
as the alkyl chain length grows. Morcover, the analysis of the
dependencies of the position and FWHM of the main diffraction
peak as a function of increasing alkyl chain length shows a
crossover for PhAs located in the middle of the series (3Ph1P/
4Ph1B). This phenomenon is also reflected in the FWHM values
of the Vo aeee band, which change non-monotonically with the
length of the alkyl chain, namely firstly decreasing from PhM to
3Ph1P, and then increasing to 7Ph1H. This suggests a greater
homogeneity of HBs in terms of strength for 3Ph1P with
respect to other PhAs. Moreover, the FTIR data reveal that the
association degree of PhAs and the activation enthalpy of their
dissociation increase as the alkyl chain length grows. Thus, PhAs
associate better the further the OH group is located in relation to
the phenyl ring. Moreover, there is a non-monotonic change in
the Kirkwood correlation factor as the length of the alkyl chain

23806 | Phys. Chem. Chem. Phys., 2021, 23, 23796-23807
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extends; namely, it is the highest for 3Ph1P, and further chain
elongation leads to a decrease in this parameter. Also, the
surface tension, the surface entropy, as well as the molar surface
entropy exhibit an alternative for PhAs with a shorter alkyl chain.
Thus, in the present work, it has been found that when the
length of the alkyl chain is extended, the interplay between
dispersive and HB interactions increases. These findings provide
new physical insights into the association-property relation
of PhAs.
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ABSTRACT

In this paper, the steric hindrance effect related to the presence of either a cyclic or aromatic ring on the
self-association process in the series of monohydroxy alcohols (MAs), from cyclohexanemethanol to 4-
cyclohexyl-1-butanol and from benzyl alcohol to 4-phenyl-1-butanol, was studied using X-Ray
Diffraction (XRD), Differential Scanning Calorimetry (DSC), Fourier Transform Infrared {FTIR) spec-
troscopy, Broadband Dielectric Spectroscopy {BDS) and the Pendant Drop (PD) methods. Based on FTIR
results, it was shown that phenyl alcohol (PhA) and cyclohexyl alcohol (CA) derivatives reveal substantial
differences in the association degree, the activation energy of dissociation, and the homogeneity of
supramolecular nanoassociates suggesting that the phenyl ring exerts a stronger steric impact on the
self-assembling of molecules than cyclohexyl one. Additionally, XRD data revealed that phenyl moiety
introduces more heterogeneity in the organization of molecules compared to the cyclic one. The changes
in the self-association process of alcohols were also reflected in differences in the molecular dynamics of
the H-bonded aggregates, as well as in the Kirkwood factor, defining the long-range correlation between
dipoles, which were slightly higher for CAs with respect to those determined for PhAs. Unexpectedly it
was also found that the surface layers of PhAs were more organized than those formed by CAs. Thus,
these findings provided insight into the impact of aromaticity on the self-assembly process, H-

bonding pattern, supramolecular structure, and intermolecular dynamics of the studied alcohols.
@ 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http:/{creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Aromaticity is one of the most important concept in chemistry,
which allows the structural understanding of molecular stability
and unusual reactivity of certain carbon-based molecules. This

1386-1425 iz 2022 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license {hrtp://creativecommons.org/licenses/by-nc-nd/4.0/ L
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unique property is strongly connected with the presence of the
delocalized 7 electrons in the system. Importantly, interactions
involving aromatic rings, such as aromatic 7 — 7 stacking, stabilize
the supramolecular architecture, ensure the stability of molecules/
biomolecules, participate in biorecognition processes, and are a
topic of considerable interest in crystal/material engineering |1
12]. These non-covalent forces play an especially important role
in self-assembly at the supramolecular level as the aromatic rings
can interact in different ways (stacked arrangement, edge- or
point-to-face, T-shaped conformation), generating various
supramolecular architectures, Such nanostructures can also be
affected by halogen substituents which form halogen bonding syn-
thons competing with these molecular contacts.

Aromatic rings, due to their rigidity and planar geometry, can
distort the specific attractive interactions, including hydrogen
bonds (HBs), and affect the self-assembling of amphiphilic com-
pounds, such as alcohols. In the case of aryl alcohols, the bulky aro-
matic moiety can be a source of competitive 7. . .7, C-H. . .7t and/or
O-H. .7 contacts. Many experimental and theoretical investiga-
tions focused on the competition between these different interac-
tions that can occur in complexes of substituted aromatic alcohols
(phenol and ethynylbenzene |13|, (phenol); |14] and (p-cresol),
[15] homodimers; anisole:.-phenol [16], 7-azaindole --phenol
[17] or p-aminophenol---p-cresol heterodimers [18]), especially
to characterized the stabilization driving forces of m-stacked and
HB dimers [19-21]. On the other hand, the papers devoted to the
subject of intra- and/or intermolecular interactions in neat aryl
alcohols mainly focused on the study of steric hindrance effect
and 7 electrons on self-assembling phenomena in the liquid phase
[22-321. Firstly, Johari et al. [23] showed that the steric hindrance
from the phenyl group in 1-phenyl-1-propanol reduces the extent
of intermolecular H-bonding as the Debye-type relaxation process
vanishes in this system. Then. the other authors reported that the
aromatic ring only affects the supramolecular architecture of asso-
ciating compounds, i.e., the equilibrium of the ring and chain-like
H-bonded structures depends on the mutual distance of the phenyl
ring and the hydroxyl group | 26]. Recent work from Nowok and al.
|31] also demonstrated that the phenyl ring exerts a much stronger
effect on the self-organization of alcohol molecules via the O-
H- -0 scheme than any other type of steric hindrance, leading to
a significant decline in the size and concentration of the H-
bonded clusters.

In view of the above, it is worth adding that our previous exper-
imental studies of intermolecular interactions in phenyl alcohols
also shed new light on the supramolecular self-assembly, struc-
tural order, and HB patterns in aromatic systems [33.34]. We
reported that HBs could be effectively formed in the series of phe-
nyl alcohols differing in the alkyl chain length, irrespectively of the
steric effect of the benzene ring [ 34]|. What is more, their associa-
tion was primarily governed by the chemical nature of apolar
chains. In the case of phenyl derivatives of butyl alcohols, the
major factor deciding about the association and nanoordering in
self-assemblies was the location of the OH functional group in rela-
tion to the carbon skeleton, while the steric hindrance or length of
the alkyl side chain does not have a significant influence on the H-
bond formation |33 ). Thus, our studies signified the modulation of
H-bonded alcohol properties and the nanoscale aggregation
through aromaticity and persuaded us to extend the study further
to other H-bonded compounds having different structural and
electronic properties, i.e., cyclic alcohols. This class of alcohols is
expected to form H-bonds more easily than their aromatic deriva-
tives due to the high flexibility of the cyclic ring allowing the mole-
cule to acquire open configurations where the hydroxyl group is
more exposed and hence more available for H-bonding [22], In
contrast, for phenols, the rigidity of the aromatic ring imposes a
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unique conformation characterized by the coplanarity of the
hydroxyl group and the aromatic ring [22].

Inspired by these results, in this study, we evaluated the influ-
ence of the various degree of steric hindrance of the hydroxyl
group, aromatic versus non-aromatic, on the self-association abil-
ity of alcohols. Moreover, we also analyzed the impact of the length
of the alkyl chain on the self-assembling process of non-aromatic
cyclic alcohol homologous. To the best of our knowledge, this is
the first systematic study on the supramolecular self-assembly of
cyclic alcohols in the literature. As all of the lower-order cyclic
alcohols form a plastic crystal, until now, they have been mainly
investigated for studying glass transition phenomena [35-39]. To
deeper examine the steric effects on the H-bond formation in alco-
hols, we have studied the structural, thermal, and spectroscopic
properties of four phenyl alcohols (PhAs; from benzyl alcohol to
4-phenyl-1-butanol) and their cyclohexyl analogs (CAs; from
cyclohexanemethanol to 4-cyclohexyl-1-butanol; Scheme 1) using
Broadband Dielectric Spectroscopy (BDS), Infrared (IR) Spec-
troscopy, Differential Scanning Calorimetry (DSC), and X-Ray
Diffraction (XRD) techniques. Moreover, the properties of the sur-
face layer were investigated using the pendant drop (PD) method.

2. Materials and methods

Cyclic alcohols (cyclohexanemethanol (CM), 2-cyclohexyl-1-
ethanol {2C1E), 3-cyclohexyl-1-propanol {3C1P), 4-cyclohexyl-1-
butanol (4C1B)) and their phenyl counterparts (benzyl alcohol
(BA), 2-phenyl-1-ethanol (2Ph1E), 3-phenyl-1-propanol (3Ph1P),
4-phenyl-1-butanol (4Ph1B)) under investigation (purity > 98%)
were purchased from Sigma-Aldrich. Before use, all alcohols were
dried under a stream of liquid nitrogen. The chemical structures
of the studied alcohols are presented in Scheme 1.

2.1. Broadband dielectric spectroscopy (BDS)

BDS measurements were carried out on heating after a fast
quenching of the liquid state in a wide range of temperatures
(159-303 K) and frequencies (10~'-10° Hz) using Novocontrol
spectrometer, equipped with Alpha Impedance Analyzer with an
active sample cell and Quatro Cryosystem. The samples were
placed between two stainless-steel electrodes (diameter: 15 mm,
gap: 0.1 mm) and mounted inside a cryostat. During the measure-
ment, each sample was maintained under dry nitrogen gas flow.
The temperature was controlled by Quatro Cryosystem using a
nitrogen gas cryostat, with stability better than 0.1 K,

The collected dielectric spectra were analyzed by the superpo-
sition of Havriliak-Negami (HN) function with the dc-
conductivity term [40] to determine the relaxation times of the
Debye process, Tj:

AE

Foe

&w) = S )
sw 14 (i) ™)™

(n

where oy and gy, are the shape parameters representing the sym-
metric and asymmetric broadening of given relaxation peaks, Az is
the dielectric relaxation strength, T,y is the HN relaxation time, & is

OH OH
n n
n=14 n=14

Scheme 1. The chemical structures of {left) aromartic (phenyl) and (right) cyclic
{cyclohexy!} alcohols under investigation.
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the vacuum permittivity, and « is an angular frequency (w = 27f).
Note that all 7, were estimated from 7,y accordingly to the equa-
tion given in Ref. [41].

Additionally, the stretching parameter fiy,,,, Which is usually
used to describe the Full Width at Half Maximum (FWHM) of the
2-loss peaks, has been determined from the 2uy and /i, parame-
ters from the following equation [42]:

HinBiy = Pl (2)

1t was found that fgay ~ 0.91-96 (see Table 1). Note that the
fitting procedure was performed using only one HN function, as
the application of additional mode was unreliable, and the fitting
parameters of the second HN function changed non-
monotonically with the temperature. Alternatively, the value of
the stretched exponent, fix,, . Was determined from the fitting of
chosen spectra to the one-sided Fourier transform of the
Kohlrausch-Williams-Watts (KWW) function |43 44|,

To determine the glass transition temperatures of all studied
CAs, the estimated t;, were fitted by the Vogel-Fulcher-Tammann
(VFT) equation |45-47:

D;T
Tp=T.exp (T—,;u)

where 1., D; and T, are the fitting parameters. Note that T, is
defined as a temperature at which 7, = 100 s.

(3)

2.2, Refractive index measurements

The refractive index, n, measurements of the studied liquids
were carried out using the Mettler Toledo refractometer RM40 in
the temperature range 293-343 K. The temperature stability con-
trolled with the aid of a built-in Peltier thermostat was better than
0.1 K. The light source is a light-emitting diode, the beam of which
passes through a polarization filter, an interference filter (589 nm),
and various lenses before it reaches the sample via the sapphire
prism characterized by high thermal conductivity. The measure-
ments of n were performed with a resolution of 0.0001, The deter-
mined values are presented in Fig. S1 (please see the
Supplementary Material (SM) file). Note that the values of n
parameter used to calculate the Kirkwood correlation factor (gy)
at T = T, + 10K were estimated according to the linear fit of the
measured data.

2.3, Differential Scanning Calorimetry (DSC)

Calorimetric measurements were carried out by Mettler-Toledo
DSC apparatus equipped with a liquid nitrogen cooling accessory
and an HSS8 ceramic sensor (heat flux sensor with 120 thermocou-
ples). Temperature and enthalpy calibrations were performed by
using indium and zinc standards. The sample was prepared in an
open aluminum crucible (40 pL) outside the DSC apparatus. Sam-
ples were scanned at various temperatures at a constant heating
rate of 10 Kmin .

Table 1
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2.4. X-ray diffraction (XRD) scattering

The wide-angle XRD patterns were collected using a Rigaku
Denki D/MAX Rapid II-R diffractometer equipped with a rotating
Ag anode, a graphite (002) monochromator, and an image plate
detector in the Debye-Scherrer geometry. The wavelength of the
incident beam, 7, was 0.5608 A. The beamwidth at the sample
was 0.3 mm. Each sample was measured at room temperature of
around 293 K and around the glass transition temperature, in
transmission geometry, in borosilicate glass capillaries having
1.5 mm in diameter and 0.01 mm of wall thickness, The tempera-
ture was controlled using Oxford Cryostream 800 cooler. The total
X-ray scattering data were collected in the range of the scattering
vector Q — 4222 (where 2 ¢ is the scattering angle) of 0.25-20 A '
and corrected for background. A comparison of the X-ray scattering
data for CAs and PhAs in the full-measured Q range of 0.25-20A'
is shown in the SM file in Fig. S2.

2.5. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra were recorded using a Thermo Scientific Nicolet
iS50 spectrometer with a resolution of 2 cm™' (16 scans) in the
spectral range of 400-4000 cm . The spectrometer was equipped
with a Linkam THMS 600 heating/cooling stage (Linkam Scientific
Instruments Ltd., Surrey, UK) which allowed us to execute the tem-
perature measurements in the range 373-93 K for CM, 368-133 K
for 2C1E, 3C1P, and 4C1B applying the rate of 5 K min '. The spec-
tra were collected every 5 K in transmission mode, To obtain sam-
ples of uniform thickness and absorbance value, a liquid cell with
two CaF, windows separated by the 6 pm thick Mylar spacer
was used. Throughout the experiment, liquid nitrogen was passed
through the spectrometer to avoid atmospheric H,0 and CO, bands
in the spectrum. Moreover, FTIR spectra of alcohol solutions in car-
bon tetrachloride (CCl;) were also collected in the frequency range
400-4000 cm ' using a transmission solution cell with KBr win-
dows and a path length of 1.03 mm. The solutions were prepared
by serial dilution of a 0.1 M solution down to 0.0001 M. A total
of 16 scans with a spectral resolution of 2 cm ' were averaged
for each sample. The MagicPlotPro software (version 2.9.3, Magic-
Plot Systems LLC, Saint Petersburg, Russia) was used to perform the
deconvolution process of the OH stretching bands, enabling the
determination of activation enthalpy for cyclic alcohol dissociation,
The step-by-step process of the OH stretching band decomposition
was described in our previous work [33] and in the SM file.

2.6. Surface tension measurements

The density of the investigated CAs was measured using Anton
Paar DMA 5000 M densimeter. Condition for these measurements
has been previously described in the previous paper [34] (the stan-
dard uncertainties are u(p) = 1-10 * MPa and u(T) = 0.01 K, and
the combined expanded wuncertainty of the density is
u(p) = 5-10"* g cm * (at 0.95 confidence level {k = 2)). The tem-
perature range for density measurements was T = (283.15-
323.15) K, with a step of 10 K and at 298.15 K. Based on density

Molar mass (M) of examined CAs, glass transition temperature (1,, determined from calorimetric and dielectric measurements), as well as values of the stretched exponent
[ fiaw . the Kirkwood factor (g,, calculated at T = 7, ~ 10K), dipole moment (p, obtained from DFT calculations), and the refractive index (n, measured at 303 K).

Sample M[g mol '] Tyosc [K] T,IK] for Prww Brat Ty - 10K n[b] nat 303 K
=100 s

™ 108.14 162 +2 15722 096+ 0.1 38 1.523 1.460

2C1E 122,16 163 £2 159 £ 2 09501 34 1613 1461

cip 136.19 166 £ 2 160 * 2 094 £ 0.1 34 1.537 1.462

4C1B 150.22 162 + 2 162 22 091+0.1 29 1.652 1.463
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temperature dependence, it was possible to calculate density at
lower temperatures necessary for surface tension measurements
and the calculation of Kirkwood factor, g,. The density of CAs and
PhAs [34] was presented in Fig. $3. This comparison shows that
the density of CAs is significantly lower than that of PhAs,

The surface tension was measured using the pendant drop
method with the Drop Shape Analyzer DSA 100S - the Kriiss Ten-
siometer (equipped with Advance Software). The instrumental
description as well as all procedures have been described previ-
ously [34,48,49]. The general T range was (298.2-267.6) K with
variable steps at a minimum of 4 temperatures. The general uncer-
tainty of the method was 0.2 mN m ', but in our case, the standard
deviation of the mean value was for three first homologues below
0.6 mN m ' and only for 4-cyclohexyl-1-butanol at 273.2 K was
around 1 mN m '. Based on the instrument standard uncertainty
and the standard uncertainties in pressure, uip) =1 107 MPa,
temperature and u(T) = 0.1 K and density, u(p)=5-10 “gcm 3,
the average combined expanded uncertainty u{y) (at 0.95 level of
confidence, k = 2) was not worse than 1 mN m . The surface ten-
sion of CAs is presented in Fig. 5 (a), whereas a comparison of 7
with those of PhAs [34] and aliphatic alcohals (AAs) [50,51] at
T=298.2 K, is drawn in Fig. 5(b). Moreover, in Fig. 5(c) and 5(d),
the surface entropy (8" = —(5),. 10 * mN m ' K™*) and the molar
surface entropy (S, = ~8.45 . V2 . (— %), K7 mol™!, where V., is
the molar volume) are presented, respectively. These quantities are
calculated based on the temperature dependence of surface ten-
sion. Fig. 5 includes also $° and S, of PhAs*, AAs and alkanes
[50-52].

2.7. Density functional theory (DFT) computations

Density functional theory (DFT) calculations using the B3LYP
functional, combined with the 6-311+CG(2d,p) basis set, were per-
formed within the Gaussian09 software package [53]. The geome-
tries of benzene and benzyl alcohol dimers were optimized with
the Opt = Tight option. The counterpoise method was used to cor-
rect the interaction energies { AEgsse) for the basis set superposition
error (BSSE) [54).

3. Results and discussion

At first, we start our investigation with the calorimetric mea-
surements in order to reveal all possible phase transitions in the
studied materials. The recorded DSC curves are shown in Fig. |
(a). As illustrated, all samples exhibit one pronounced jump in
their heat capacity related to the glass transitions located at
162-166 K, defined as the glass transition temperature, T,. Inter-
estingly, the estimated Ts are basically independent of the alkyl
chain length in the examined CAs, revealing no molecular mass,
M, dependence, see Fig. 1(a) and Table 1, In this context, one can
recall recent studies on the series of non-aromatic MAs, which
revealed that their T, increases with M [31,55]. However, it should
be highlighted that those reports considered various MAs isomers
of more complex chemical structure, whereas herein, we focused
only on cyclohexyl-substituted MAs characterized by linear struc-
ture and a different number of -CH,- groups (see Scheme 1), in
contrast to the previous investigations [31]. Nevertheless, one
can mention that the values of T,s determined for examined CAs
are significantly lower when compared to the ones reported previ-
ously for their aromatic counterparts, phenyl-substituted MAs
(PhAs). Note that T,s of PhAs change in range of 181-184 K
|26,27,34| (see Fig. 6 (a)). In this context, one can assume that
the examined CAs are characterized by T,s comparable rather to
the aliphatic alcohols than PhAs. This implies that the aromaticity
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of the side group has a significant impact on the glass transition
temperature of MAs.

Taking all of those observations into account, we wonder if the
varying length of the alkyl chain of CAs would affect the molecular
dynamics of these compounds and how it would be different com-
pared to their aromatic counterparts. Thus, we performed addi-
tional dielectric measurements. Representative dielectric loss
spectra measured for two selected CAs, cyclohexanemethanol
(CM) and 4-cyclohexyl-1-butanol (4C1B), are shown in Fig. 1(b,
c). As illustrated, one can distinguish two dielectric processes, dc
conductivity (at lower frequencies) and Debye like, D, process (at
high frequencies), see Fig. 1(b,c). Both of them shift toward lower
frequencies with decreasing temperature. Note that the value of
the stretched exponent, fiy,,., reaches ~0.91-0.96 (all values are
listed in Table 1; fqmy was determined from the shape parameters
of the Havriliak-Negami (HN) function with an additional conduc-
tivity term 40| used to fit recorded loss spectra - details are
shown in the Experimental section). These values clearly con-
firmed that the dominant process observed in Fig. 1(b,c) for all
examined CAs has the Debye-like character (f = 1). At this
point one can also mention that the determined values of fyw
parameter for CAs are comparable to those previously reported
for their aromatic counterparts, where Sy 0.90-0.95
[26.27,34]. One can recall that the presence of the exponential
decay of the electric polarization (D-relaxation), characterized by
a single time constant, is considered as a characteristic feature
for some associating liquids, including MAs having hydroxyl unit
(s) attached to the terminal carbon |56]. Note that often for those
materials, the Debye mode dominates the recorded dielectric
response |57,58], resulting in that the structural «-relaxation is
reflected only as an excess wing on the D-peak’s high-frequency
flank, It should be mentioned that although the molecular mecha-
nism of the Debye relaxation remains a puzzle [59-63], recently,
this unique dielectric mode has been generally discussed in terms
of the variation of the formed hydrogen bonds, including migration
of defects through the H-bonded network |27, dissociation pro-
cess [64] or the transition from the ring to the linear architecture
of supramolecular structures as deduced from dielectric measure-
ments carried out in the nonlinear regime [65]. Therefore, by ana-
lyzing the shape, the dielectric strength, A¢, and the relaxation
times, 7, of D-process, one can gain some indirect insights into
the population and behavior of H-bonds and morphology of
associates.

In the inset of Fig. 1(b), we plotted the dielectric loss spectra
measured for all studied CAs and characterized by the same relax-
ation times of the Debye like process, 7 (representative loss spec-
tra were arbitrarily shifted vertically to superpose at maximum).
Interestingly, we observed a broadening of the distribution of
relaxation times with the length of the alkyl chain of studied mate-
rials. It might imply some variation in the H-bonded structures
formed by examined series of CAs due to an increasing alkyl chain
(an increasing molecular mass). Surprisingly, a comparison of loss
spectra of 2C1E (non-aromatic MA) and 2Ph1E (aromatic MA)
superposed at constant T, also shows that there are some differ-
ences between both classes of MA. As shown, the distribution of
relaxation times of PhAs is slightly broader when compared to
their non-aromatic counterparts; see the insert in Fig. 1(c). This
broadening might arise due to a different timescale between the
structural () and D modes [26,27] (or alternatively due to the
varying dielectric strength of both modes), as a result of the varia-
tion within the population of HB between both classes of materials
(especially in terms of its heterogeneous nature). The differences in
the behavior of the HB population arose due to variation in the
chemical structure of examined MA will be investigated further
by means of IR spectroscopy in the latter part of the manuscript.
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Fig. 1. (a) DSC thermograms collected for indicated CAs. (b, ¢) Dielectric loss spectra of CM and 4C18 were measured above their glass transition temperatures. The insets of

panels (b) and (c) show the comparison of diclectric Joss measured spectra at constant 7y near T, of all

| CAs and the 2PhIE and 2C1E.

respectively. (d) Temperature dependences of the relaxation times of Debye-like process, 7, determined for the examined CAs, plotted as a function of T, /T. As the inset in
panel (d), values of the Kirlkwoad factor, g, determined at T, + 10K plotted as a function of the length of the alkyl chain of examined CAs. *Data for PhAs were taken from Ref.

134,

Furthermore, we determined the values of glass transition tem-
perature from the dielectric data. In Fig. 1(d), we have shown the
relaxation times of the Debye like mode,7;;, plotted as a function
of T /T. Note that all 1, were determined from fits of recorded loss
spectra to the HN function with an additional conductivity term
[40] (see Experimental section). The obtained 17,(T)-
depencences were further fitted to the Vogel-Fulcher-Tammann
(VFT) equation in order to determine the values of T,s of examined
compounds {see Experimental section). All estimated values of T,
(defined as T at whicht, = 100 s) are added in Table 1. As it can be
seen, Tys determined from 7p(T)-depencences are a few degrees
lower (0-6 K) than those obtained from calorimetric studies. Note
that this might be due to the different heating rates applied in both
techniques.

Taking advantage of performed dielectric measurements, we
calculated the Kirkwood correlation factor (g, ), which provides
useful information about the variation in the local molecular

59

arrangement in the studied CAs. The g, parameter was estimated
as follow |6G|:

_ OkpeoMT (&5 — £.)(28 + £,)

4
pNap2e (e, + 2)° @

¥

where: kg is the Boltzmann constant {(~1.38 x 107> m*kgs > K™ '),
N, is Avogadro's number (~6.022 x 10??), p is density, y is molec-
ular dipole moment determined from Density Functional Theory
(DFT) computations, whereas & and &, are static permittivity and
permittivity at infinite frequencies, respectively. Note that the &,
parameter was taken from BDS data, while the £, one was esti-
mated from refractive index (n) measurements (where £, n?, the
temperature dependence of n is shown in Fig. $1). The temperature
dependences of g, parameter are presented in Fig. $4, whereas
those calculated at T =T, + 10K are shown in the inset in Fig. |
(d) and Fig. 5(b). As illustrated, g, ~ 3-4 for all examined CAs in
the whole range of experimental data. Moreover, g, increases upon
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cooling, as was previously reported for various aromatic alcohols
[26.27,34] as well as aliphatic MA, i.e., isomers of butanol [67].
One can recall that taking into account the Dannhauser approach,
the value of g, > 1 indicates cross-correlation between chain-like
aggregates in self-assembling systems [67-69]. However, it should
be mentioned that the value of g, decreases with the elongation
of the length of the alkyl chain in the structure of CAs. Note that
the highest and the lowest value of g, were reached for CM and
4C1B, respectively (see the inset in Fig. 1(d)). This might indicate
that an increasing alky! chain (and therefore molecular weight) of
CAs disturbs the formation of chain-like self-assembles. Neverthe-
less, it should be highlighted that the linear decrease of gy as a func-
tion of an increasing number of -CH,- groups observed for CAs is
opposite to the one observed for PhAs. As reported, g, determined
for phenyl-substituted MA revealed a clearly non-monotonic varia-
tion with the increasing length of the alkyl group, where the max-
imum (the highest value of gy) was noticed for 3Ph1P [34].
Therefore, one can assume that there are some significant differ-
ences in the strength and population of self-assemblies formed by
either aromatic or non-aromatic alcohols. To follow, in detail, differ-
ences in the behavior of HBs arose due to variation in the chemical
structure of examined MA, further FTIR studies were performed.
To shed light on the dynamics of hydrogen bonds (HBs) in alco-
hols and to better understand/recognize the influence of the aro-
matic ring on the assembling phenomenon, special attention was
paid to FTIR spectra of CAs and their phenyl analogs in the OH
stretching (vgy) vibrational region. It should be noted that the
impact of the length of the alky! side chain on the behavior of ben-
zyl alcohol homologues was studied in detail in our previous paper
|34]. The representative FTIR spectra for CAs at selected tempera-
tures (the room temperature, RT = 293 K, and 7, ) in the region of
3750-2990 cm ' are presented in Fig. 2. Characteristic peaks,
appearing at ~3330 cm™' and 3629 cm ™' at RT, are assigned to
the stretching vibration of the hydrogen-bonded (#{%) and non-
hydrogen-bonded ‘free’ (#57) hydroxyl groups, respectively. The
band assignment of the last one is additionally confirmed by the
measurements of solutions of CAs in various non-polar solvents
(cyclohexane, carbon tetrachloride (CCly), benzene) (Fig. S5 in
the SM file). Based on Fig. $5. one can also see that the type of sol-
vent influences the self-assembly process of alcohols under inves-
tigation. In addition, the association of CAs in CCls depends on the
alkyl chain length, i.e., the #{ff band profile changes with the elon-
gation of the chain length (the different intensity ratio of peaks at
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ca. 3490 cm™" and 3350 cm™"). On the other hand, for diluted solu-
tions of CAs in cyclohexane and benzene, the lengthening of the
side chain does not vary the spectral properties of ¢}, band. As
presented in Table S1, up to the x = 3 (where x is the number of
CH; units in the hydrocarbon side chain), the frequencies of ¢}
band at 293 K are comparable (these data were obtained from
the band deconvolution of FTIR spectra with the use of Gaus-
sian-Lorentzian functions in OMNIC software; Fig. S6 in the SM
file), implying a similar strength of HBs in these systems. On the
other hand, the value of ¢ frequency for 4C1B deviates from
the others, i.e., HBs between 4C1B molecules are slightly weaker
than for shorter CAs. With the decreasing of temperature, the
red-shift of #4} bands is observed which indicates the weakening
of the OH-bonds due to the formation of stronger HBs, Interest-
ingly, when comparing the frequencies of the ¢ signals of CAs
in both temperatures, it is seen that the intermolecular interac-
tions in 4C1B are the weakest among all CAs at RT, but the situation
changes at T, when they become the strongest ones. Moreover, on
cooling, the v’o';f band disappears confirming nearly complete/total
association of CA molecules at T,. On the other hand, the estima-
tion/calculations of the non-bonded OH moieties’ percentages in
CAs at RT (Fig. S8(a)) shows that the population of the H-bonded
OH groups decreases, while that of the free OH increases (from
0.54% to 1.05%) with the elongation of the chain length. Such a
small fraction of non-associated (monomeric) molecules was also
identified in aliphatic alcohols (<2% in methanol and even less in
other alcohols) [70]. Therefore, the degree of self-association of
CAs slightly decreases with the increase in the side chain length,
A similar spectral effect was detected for aliphatic 1-alcohols in
the liquid phase by Kwasniewicz and Czarnecki [71].

Next, an analysis of the bandwidth of OH stretching vibration
measured by the full width at half maximum, FWHM, was con-
ducted. Herein it should be stressed that FWHMSs of the v} bands
were obtained as parameters from the curve fitting using Gaus-
sian-Lorentzian functions in OMNIC software (see Fig. S6). It can
be clearly seen that FWHM values are essentially similar for the
first three CAs at RT. However, it considerably changes in the case
of 4C1B, i.e., FWHM is greater than for the others (ca. 30 cm ') at
RT. This indicates that the most heterogeneous aggregates in terms
of HB strength are formed in 4C1B, Therefore, one can state that
the length of the alkyl side chain starts to affect the distribution
of H-bonded networks significantly for longer cyclic alcohols, ie.,
when the x—4. Such behavior may suggest the competition
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between the dispersive and HB interactions as the length of alkyl
units increases. At T, FWHMs generally take smaller values sug-
gesting that more ordered and homogeneous supramolecular
nanoassociates are formed (Table S1).

Further, to discuss/reveal the role of aromaticity in alcohol self-
assembly, the spectral properties of CAs and PhAs were compared.
FTIR spectra of both CAs and PhAs in the range 3750-3000 cm ' at
RT and T, are presented in Fig. 3. At first glance, the clear difference
in the amount of non-bonded OH moieties is visible for the studied
alcohols at 293 K, that is, the intensity of # is much higher in the
spectra of aromatic alcohols compared to the cyclic ones (Fig. 3(a)).
It indicates that the aromatic ring indeed acts as a steric hindrance
and prevents molecules from forming HB aggregates to a greater
extent compared to CAs. As can be seen from Table $1, the shortest
alcohols, CA and BA, are characterized by the strongest interactions
at RT (the lowest frequency of the 5 band). For CAs, the HB
strength decreases with an elongation of the chain length at RT.
Interestingly, the same effect was observed for neat aliphatic 1-
alcohols, i.e., the hydrogen bonding weakens with the chain length
increase | 71]. It is of note that the opposite trend is observed for
CAs at T,. In the case of PhAs, a non-monotonic change in HB
strength, as the length of the alkyl chain grows, occurs at both tem-
peratures (the weakest HB interactions for 2Ph1E at RT and 3Ph1P
at T;). This irregular spectral variation for PhAs indicates a strong
change in the assembling mechanism going from shorter to longer
PhAs resulting from an interplay between dispersive and HB inter-
actions [34]. Similar behavior was detected in the case of protic
ionic liquids (PILs), in which the lengthening of the cation alkyl
chain leads to well-defined self-assembled nanostructures in
which the polar and apolar domains were better segregated [72].
Nanostructure in PILs results from electrostatic and H-bonding
attractions between charged groups leading to the formation of
polar domains. Cation alkyl groups are repelled from these regions
and forced to cluster together into apolar regions.

An analysis of the FWHM:s of studied alcohols at both tempera-
tures clearly shows that the shorter PhAs (up to the x =3) have a
broader voy bands than CAs, which suggests the existence of addi-
tional interactions involving aromatic rings apart from the typical
O - H- -0 contacts. The existence of such competitive type of H-
bonds, O-H- .7, was also suggested by DFT calculations
(O—H. . O (AEpssz = —5.67 kcal-mol~') vs. O — H.- .7t (AEgsse
~2.06 keal-mol '); Fig. S7). Interestingly, there is a reverse rela-
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tionship for butanols, i.e.. FWHM of 4C1B is considerably greater
than 4Ph1B. Therefore, it can be concluded that HBs of shorter
CAs (x = 1-3) are more homogeneous (the interactions are similar
in strength) than those of PhAs. This property also changes with
the chain length for PhAs, ie., their #; bands at RT narrow with
the elongation of the alkyl chain. The opposite is true at a lower
temperature (T,).

Further, we performed the calculations of the activation
enthalpy (E,) for the dissociation of CAs using the van't Hoff equa-
tion, according to the procedure described in our previous work,
and compared them with the values obtained for PhAs [34],
Fig. S8(b) shows that CAs exhibit a non-monotonic relationship
between E, values and the number of CH, units in the side chain,
i.e.. the maximum value of E, occurs for 2C1E (24.58 k] mol '). In
contrast, a clear increase in the E, values with a chain extension is
observed for PhAs. What is more, the £, values of CAs are much
higher than those of phenyl derivatives (~10 k] mol~'). It might
be related to the higher flexibility of cyclohexy! ring, for which
much more comfortable conformations can be adapted, resulting
in an increased HB stabilization. It should also be mentioned that
the average enthalpies of H-bonding for methanol, ethanol,
propan-1-ol, propan-2-ol, butan-1-ol, hexan-1-ol and octan-1-ol
in the liquid phase are in the range from —15.1 to —17.7 k] mal !
|70]. Thus, these values are between those obtained for CAs and
PhAs. We also determined the average number of molecules in
H-bonded aggregates of CAs based on the investigation of alcohols
in dilute CCl, solution using the method described in the SM file. As
presented in Table $2, CAs form the supramolecular assemblies (i)
containing 3 or 4 H-bonded molecules, whereas the n equals 3 for
PhAs. Consequently, at RT the trimers and tetramers dominate in
CAs.

Based on the performed FTIR studies, we observed that the
elimination of aromaticity in the examined monohydroxy alcohals,
made by a simple substitution of phenyl ring by non-aromatic
cyclohexyl one, leads to some pronounced difference in the
strength and the population of formed hydrogen bonds network.
To support these observations concerning the differences in the
HB distribution in the studied materials as an effect of side group
aromaticity, further structural studies were performed.

The differences in the supramolecular structure between the
studied alcohols are also revealed in the X-ray diffraction (scatter-
ing) patterns. Fig. 4 (a) shows the comparison of the scattering data
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Fig. 3. Comparison of CAs and PhAs at () 293 K and (b) T, in the spectral range of 3750-2990 cm !, The inset shows the o bands ar 223 K [ar temperature just before
crystallization of BA). The spectra were normalized with respect to the absorbance maximum of the OH stretching vibration peak.
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in the low-Q range up to 2.5 A~ for the four pairs of cyclic alcohols
and their phenyl analogues, as a function of alkyl chain length
looking from left to right. The diffractograms for CAs in this range
are characterized by two features related to the intermolecular
structure: the main peak around 1.25 A~' and the pre-peak around
0.5 A~". The origin of the pre-peak in alcohols has been discussed
in many papers | 73-76] and explained based on the computer sim-
ulations as arising due to structural correlations between OH
groups as a consequence of the association of molecules by HBs,
One can see that the intensity of the pre-peak decreases, the width
increases, while its position shifts towards lower Q values with the
elongation of the chain for CAs. It means that the correlation dis-
tances move towards greater values and the total intermolecular
correlations weaken on this length scale for longer CAs. Since the
correlations in the pre-peak region for alcohols are mainly due to
OH groups, it indicates a weakening of the association of CAs via
HBs with the increase in the chain length.

The X-ray scattering data for PhAs show clear differences com-
pared to their cyclic analogs: (i) the main peak is much wider, less-
intense, asymmetric and shifted towards higher Q values, (ii) the
pre-peak is damped. In fact, the pre-peak is clearly visible only
for the shortest PhA — BA. With the increase of the chain length,
the pre-peak is suppressed. A similar tendency was observed for
CAs. For the 4Ph1B, the pre-peak completely disappears. It means
that the supramolecular correlations on the medium-range scale
are missing, or the partial atomic correlations cancel each other
out. The explanation of this phenomenon may be possible based
on the computer simulations. Nevertheless, such a difference in
the scattering patterns between the cyclic and aromatic alcohols
suggests that the aromaticity introduces more heterogeneity into
the intermolecular structure. This is also confirmed by the behavior
of the main peak related to the short-range intermelecular correla-
tions. It is clearly seen that the main peak is more asymmetric and
its FWHM is much wider for aromatic alcohols than for cyclic coun-
terparts. The asymmetry of the main peak suggests that it is com-
posed of two overlapping components. That would indicate two
preferred arrangements of molecules. It would be possible when
the phenyl ring stacking occurs. The presence of two competitive
organization of molecules, via the n-related interactions and H-
bonding, would introduce two different periodic lengths, i.e. a lar-
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ger distance between molecules (comparable to the intermolecular
distance in CAs) as well as a smaller distance related to the phenyl
ring stacking. Therefore, the short-range structure of PhAs can be
considered more heterogeneous than CAs. The differences in the
position and full-width at half maximum of the main diffraction
peak for CAs and PhAs are presented in Fig. 4 (a,b).

Fig. 4(b) shows the XRD patterns for the studied alcohols mea-
sured at temperatures around T,. BA crystallized at this condition.
For the other alcohols, the positions of the main peak shift towards
higher Q values (smaller distances) with the temperature drop.
This is the standard temperature effect. The FWHM values also
behave as standard - decrease for lower temperatures, indicating
an increase in the degree of structural order and coherence length,

To obtain more information about the behavior of alcohols dif-
ferentiated in terms of the side groups (aromatic or non-aromatic),
we also measured their surface tension, 7, and calculated the sur-
face entropy, 5°, as well as molar surface entropy, S, which is sup-
posed to allow us to distinguish these materials according to the
intermolecular forces. The estimated values of §%, 5, and 7 at dif-
ferent temperatures are shown in Fig. 5 and are listed in
Table S3. It can be noticed that previously, for PhAs [34], longer
alkyl chain homologues had lower surface tension, which was
reciprocal to the behavior of  in homologues series of AAs
[50,51] (Fig. 5(b)). In this work, the surface tension of CAs at
298.2 K changes irregularly with the lengthening of the alkyl chain
(Fig. 5(a)). Moreover, the y values of CAs are between the surface
tension of AAs and PhAs (Fig. 5(b)). The more detailed interpreta-
tion of §" and S. is given in refs. [52.77,78). However, it should
be noticed that both entropies are interpreted in terms of the sur-
face order |78]. It can also be added that S,, similarly like molar
surface energy, concerns the sphere of volume, which consists of
1 mol of molecules. The most common value of §,, for many
organic substances is around 20 J K " mol ', due to the primarily
quantum effects derived from London dispersion forces, which is
the most dominant in surface tension |78 |. This is also characteris-
tic of alkanes having large molar surface entropy due to their weak
mutual attraction | 78|. However, as it was reported earlier [34,52],
for AAs and PhAs, especially for shorter homologues S, can achieve
lower values (see Fig. 5(d)). The molar surface entropy below
20 ] K ' mol ' was also observed for water (88 ] K ' mol !
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|177]), which can be attributed to a similar order of molecules on
the surface and in bulk. This is presumably possible due to the
monolayer present on the surface created by hydrogen-bonded
hydroxy!l groups, which are bound to the surface. From Fig. 5(d),
it is seen that the molar surface entropy of CAs resembles rather
S, of alkanes than AAs. It is maybe not very surprising when S,
of cyclohexane is 23 ] K-' mol~' (calculated based on data from
Vargaftik [79]), whereas for toluene 18 ] K ' mol ' (calculated
based on data from Badachhape [80]) and for benzene:
21.81 ] K ' mol~' [78]. Relatively high S, values of CAs show that
the influence of cyclohexane on the surface properties of these sub-
stances is very strong. At the same time, the surface entropy (Fig. 5
(c)) of CAs, calculated directly from the temperature dependence of
surface tension, shows the similarity to $" of AAs with the excep-
tion of CM. It can be added that the surface entropy, $°, of CAs
increases with the lengthening of the alkyl chain, like for PhAs,
whereas the 5° behaviour for AAs is quite the opposite (see Fig. 5
(c)). From the inspection of Fig. 5(b) and 5(c) (surface tension
and surface entropy), it is obvious that the surface of CAs is ordered
like for AAs, to a larger extent than it was for PhAs. This is despite
the presence of cyclohexane in the molecule - a kind of steric hin-
drance for the creation of hydrogen bonds. To sum up, taking into
account $' - CAs seem to be closer to AAs, whereas the normalized
parameter, S, shows the real influence of the cyclohexane of the
surface layer order of CAs, which seem to be similar to alkanes
(Fig. 5(c) and (d)).

In order to fully recognize the effect of the aromatic substituent
in examined MAs on the H-bonding properties, the plots of differ-
ent studied parameters versus the side alkyl chain length of asso-
ciating liquids were constructed and presented in Fig. 6. An
interesting correlation between the Kirkwood factor and the side
alkyl chain length is observed. Generally, PhAs exhibit the non-

( ,'_;),,. 107 mN-m™" . K~") of CAs compared with S* of PhAs™ and aliphatic alcohols {50,511, [d) Molar surface entropy (S,
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845.Vi® (- %), JK " mol™) of

monotonic behavior of g, as the number of CH, units in the chain
varies, whereas this factor decreases as the length of the side alkyl
chain increases in CAs. Moreover, the T, values for CAs are lower
than those for PhAs, resembling aliphatic alcohols. FTIR results
show that the replacement of a flexible cyclic ring with a rigid aro-
matic one modifies the spectral parameters of the vgy band. It is
manifested by the changes in the intensity, the full width at half
maximum, the wavenumber of the OH stretching vibration band,
and the activation enthalpy for the dissociation process. FTIR data
also showed that the aromatic moiety leads to larger spatial
heterogeneity in H-bond strength for shorter PhAs (BA, 2C1E) com-
pared to CAs, whereas for longer ones, there is a change in this
trend. The E, values suggested that the OH energy is sensitive to
the H-bonding environment, i.e., PhAs exhibit much lower E; val-
ues than CAs. However, in the case of PhAs, the E, value increases
with elongation of side alkyl chain length, while the non-
monotonic dependence of this parameter is observed for CAs. What
is more, the FWHM values of the ¢fif band of PhAs at 293 K
decreases with the elongation of the alkyl chain, which may indi-
cate a gradual disappearance of the O - H - - & interactions (sug-
gested by DFT calculations). It also indicates that the steric
hindrance of the bulky phenyl groups in the proximity of the OH
group of PhAs occur, in which aromatic rings act as intermolecular
“spacers/inhibitors” for H-bonding formation. X-ray scattering
data reveal damping of the pre-peak as well as broadening of the
main peak and decrease in its intensity for PhAs in comparison
to CAs. These features suggest that the intermolecular structure
of PhAs is more complex than CAs, This is evidenced by the asym-
metric shape of the main diffraction peak as well as the shift of its
position towards greater Q values (shorter correlation distances)
for PhAs compared to CAs. It is also seen that with the elongation
of the alkyl chain, the values of the correlation distances increase.
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Thus, we can conclude that for longer-chained alcohols, there is a
weakening of the association process. [n addition, the surface ten-
sion of the studied alcohols decreases with increasing alkyl chain
length, with the effect of odd-even in CAs. The values of surface
entropy and molar surface entropy of CAs are higher than those
of corresponding PhAs, which may be due to the slightly stronger
hydrogen bonding in CAs, It should be noticed that, at first glance,
the surface properties of the studied MAs (the v, &, and S,) are in
apparent contradiction with the structural, thermal, and spectro-
scopic results. A possible reason for this is the lack of compensation
of specific actions on the surface, as some molecules only come
into contact with the surface. Thus, the surface effects do not have
to correlate with the processes occurring in bulk.

4. Conclusions

In this paper, we probe the influence of aromaticity on the asso-
ciating behavior of a series of non-aromatic monohydroxy alcohols
and their aromatic counterparts by means of various experimental
techniques, infrared and dielectric spectroscopy, X-ray diffraction
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and differential scanning calorimetry. Additionally, the surface
tension measurements were performed, and calculations on sur-
face entropy and molar surface entropy were made, It was found
that both groups of alcohol differ in the glass transition tempera-
ture, Kirkwood factor, and the distribution of relaxation times,
which indirectly imply differences in the population of hydrogen-
bonding structures formed by those materials. This assumption is
confirmed by IR measurements, which reveal the changes in the
intensity, the full width at half maximum and wavenumber of
the OH stretching vibration bandwidth, and furthermore the acti-
vation enthalpy for the dissociation. Moreover, the examined CAs
form the supramolecular assemblies (r) containing 3 or 4 H-
bonded molecules, whereas the n equals 3 for PhAs. This simply
indicates that the elimination of aromaticity in the examined
monohydroxy alcohols, made by a simple substitution of phenyl
ring by non-aromatic cyclohexyl one, leads to some pronounced
difference in the strength and the population of formed hydrogen
bonds network. Also, performed XRD analysis indicated a differ-
ence in the molecular packing between both classes of materials,
CAs and PhAs, as the nano-clusters created in PhAs are character-
ized by higher disorder between molecules. Interestingly, all
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results revealed that the introduction of aromaticity in the struc-
ture of monohydroxy alcohols influences the ability of these alco-
hols to build a hydrogen bond network and spatial organization.
We believe that the presented data allow a better understanding
of the behavior of self-assembling materials and the correlation
between HB and chemical structure.
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ABSTRACT: Herein, thermal and dynamical properties, as well as m = o s

host—guest intermolecular interactions, and the wettability of a series £ 87 bhAs within: 5 —
of monohydroxy phenyl-substituted alcohols (PhAs) infiltrated into PHENYL 2ol B natvesicacta=4nm
native and silanized silica mesopores (of pore diameter, d ~ 5 nm) ALCOHOLS ui', | ¥ silanized silica of d= 4 nm
were investigated by means of dielectric and infrared (IR) : 3 L

=

spectroscopy, differential scanning calorimetry, and contact angle
measurements. Calorimetric data showed the occurrence of the two
glass transition temperatures, T, TImportantly, around the one
detected at higher temperatures (T gy fact); a strong deviation in the
temperature evolution of the relaxation time of the main process was  §jLICA MESOPORES 'y T T T
observed for all systems. Moreover, an additional mode unrelated to The lenght of the alkyl chain
the mobility of the interfacial layer and core molecules was revealed. \%

One can suppose that it could be connected to either the slow

Arrhenius process (SAP, previously reported for the polymer thin films) or the mobility of hydrogen-bonded structures. Further, IR
investigations showed that the applied nanoconfinement had little impact on the strength of the hydrogen bonds (HBs), but it
influenced the HBs’ distribution (including the 'new’ population of HBs) and the degree of association. Additionally, for the first
time, we calculated the activation energy values of the dissociation process for PhAs in mesopores, which turned out to be lower with
respect to those estimated for bulk samples. Thus, our research clearly showed the impact of the spatial geometrical restriction on
the association process in alcohols having significant steric hindrance.

3

. fi t
° L] effect
* 3 ¥ I

the activation energy of the

dissociation process
@

@

1. INTRODUCTION postsynthesis modifications, typically involving silanizin
agents like methoxytrimethylsilane, trimethyl chloride,”
mercaptopropyltrimethoxysilane,”* hexamethyldisilazane,” or
chlormrlmethylsilam:,‘l which change the surface of the silica
from hydrophilic to hydrophobic by replacing the O-H
groups with organic groups via O—Si—C covalent bonds. This
alteration affects the pore structure, which determines the
nature of host—guest interactions. To illustrate that, one can
refer to the studies on water in hydrophilic and hydrophobic
nanochannels, In the former case, IR spectroscopy revealed a
predominant icelike structure because of comparable strong
interactions between the water molecules and the pore wall
(interfacial in(eractions),z" while for the latter one, water
behaved more liquid-like (bulk-like), as water molecules
interacted less with the silica surface (fewer interaction sites
at the pore wall) and more with each other.” Similar trends

Geometric nanoconfinement is a versatile platform for
modifying the structural and dynamic properties of soft matter
systems, making them highly relevant for nanoscale applica-
tions. Previous investigations have revealed that materials
adjacent to a solid and near-surface can exhibit interfacial
regions of reduced density,' " interfacial freezing,'* interfacial
melting, ™" molecular layering,"' ™" molecular orientation,"*
or specific lateral molecular arrangements.'® Consequently,
significant deviations in their properties, such as flow and
intermolecular entanglements, local chain mobility, glass
transition temperature, diffusion, tautomerization, or crystal-
lization, are noted when compared to bulk samples.' ™ Due
to these facts, confined systems hold promise for diverse
industrial applications, including nanolithography, lubrication,
paints, surface treatments, and elastic membranes.

Among many types of nanorestrictions, silica mesoporous

materials, such as MCM-41 or SBA-1S, possess the O—H Received: D“"“b“:f 11, 2023
groups (silanol groups (=Si~OH)) inside pores that can Revised:  March 25, 2024
easily interact through H-bonds with lattice oxygen. To Accepted: March 25, 2024

successfully tailor these materials for nanotechnology applica-
tions, the membrane characteristic is often adjusted by altering
the pore diameter or surface properties. The latter includes

© XXXX The Authors. Publshed
Am:nc‘;n C'r:em\:carSociebt; https/idolorg/10.1021/acs jpcc 308084
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Scheme 1. (a) Chemical Structures of Investigated Phenyl Alcohols and the Schematic Structure of (b) the Cross-Section and
(c) the Top of Applied Silica Mesopore Templates (d Denotes the Pore Diameter)
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were also observed for aliphatic mono- and polyhydroxy
alcohols™** infiltrated into nanopores, where hydrophobiza-
tion of the silica surface hinders H-bonds between the pore
wall and the guest molecules, making the dynamics of the
confined liquid more bulk-like."" The effects related to the
reduction of surface interactions were also seen for hydroxyl-
terminated polymers infiltrated into modulated anodic alumina
(AAQ) templates.” Tn this case, the factor responsible for the
disturbance of the interaction at the polymer—membrane
interface was the roughness of applied nanotemplates.
Importantly, similar results were also reported for PhAs
infiltrated within mesoporous anodic aluminum oxide (AAO)
membranes having constant and varying pore diameters (d =
10—40 nm). Samples within ordinary AAO templates revealed
a pronounced confinement effect on the glass transition
temperature, T, and the structural relaxation process, whereas
alcohols in the latter templates showed a bulklike behavior in
the whole range of studied temperatures.” Herein, one can
also mention the papers where authors explored the impact of
the position of the hydroxyl group (primary, secondary,
tertiary) in the molecular skeleton of monohydroxy alcohol
(MA) being nanospatially restricted on their supramolecular
organization and molecular dynamics.”” ™

In this paper, we investigated the effect of surface
interactions on the behavior of a series of phenyl-substituted
monohydroxy alcohols (PhAs) from ethanol to pentanol (see
their chemical structure in Scheme 1(a)) incorporated into
mesoporous (un)treated silica templates by means of broad-
band dielectric spectroscopy (BDS), differential scanning
calorimetry (DSC), and Fourier transform infrared (FTIR)
spectroscopy. The applied silica mesopores are composed of
uniaxial nanochannels (open from both sides) with a defined
pore size (see Scheme 1(b,c)). The characterization of the
produced membranes was made by using scanning electron
microscopy (SEM, see Figure S1). The mean diameter of the
mesopores, d, was determined as 4 ~ § nm.

2. MATERIALS AND METHODS

2.1. Materials. 2-Phenyl-1-ethanol (2Ph1E), 3-phenyl-1-
propanol (3Ph1P), 4-phenyl-1-butanol (4Ph1B), and 5-
phenyl-1-pentanol (SPh1P) with a purity higher than 98%
were supplied by Sigma-Aldrich. Their chemical structures are
shown in Scheme 1(a). The native and silanized silica
mesopores of pore diameter, d ~ 5 nm (Scheme 1(b,c)),
were produced by the electrochemical etching of silicon wafers
and subsequent thermal oxidation, Details about the
fabrication of silica templates and their further modification
are presented in the Supporting Information, SI file.*"** The
characterization of the produced membranes was made by
using scanning electron microscopy (SEM).

2.2. Sample Preparations. Prior to filling, the silica
membrane was dried in an oven at T = 373 K under vacuum in
order to remove any volatile impurities from the nanochannels,
and alcohols were subjected to freezing in liquid nitrogen to
remove water. After cooling, membranes were infiltrated with
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alcohols. Then, the alcohol-membrane systems were main-
tained under vacuum (107" bar) to allow the liquid to flow
inside via capillary forces. The complete filling was obtained by
weighing the templates before and after each infiltration to a
constant mass. After the infiltration process, the excess of the
sample on the surface was removed. The pore diameter of
silica nanopores was confirmed by SEM measurements (Figure
§1). The filling degree reaches ~90%. Note that taking into
account the porosity of applied membranes (~10%) together
with the cylindrical shape of porous nanochannels (charac-
terized by a pore diameter of d ~ § nm and length, I ~ 50 m),
we calculated the maximum amount of alcohol, which can be
infiltrated within the molecules, and we compared this value
with the weight of the infiltrated substance.

2.3. Scanning Electron Microscopy (SEM). The pore
distribution images were taken by using a JEOL JSM-7100F
TTLs LV/EDS field emission scanning electron microscope
(SEM). For the SEM observations, samples in the form of
small flakes cut from the received sheet were stuck to the
sample holder by a carbon conductive tape. Secondary electron
images (SEIs) obtained at magnifications ranging from 35 to
500,000 times were collected by an E-T detector at beam
accelerating voltages between 2 and 15 kV. The mean diameter
of the mesopores, d, was determined as 4.8(+1,1) nm, The
mesopores were measured by using the Image] package. The
mean diameter of the mesopores was determined by fitting a
log-normal distribution to the experimental data (the histo-
gram in Figure S1(c)). Note that in the case of the modified
templates, the silanization process (carried out on the native
mesopores) does not affect the mean diameter of the applied
mesoporous templates, resulting in a similar SEI as in the case
of native membranes.

2.4. Differential Scanning Calorimetry (DSC). Calori-
metric measurements were carried out by using a Mettler-
Toledo DSC apparatus equipped with a liquid nitrogen cooling
accessory and an HSS8 ceramic sensor (a heat flux sensor with
120 thermocouples). Temperature and enthalpy calibrations
were performed using indium and zinc standards. The sample
was prepared in an open aluminum crucible (40 yL) outside of
the DSC apparatus. Samples were scanned at various
temperatures at a constant heating rate of 10 K/min.

2.5. Surface Tension and Contact Angle Measure-
ments. The surface tension of liquids, y,, and the contact
angle, 6, were measured by the drop shape analysis 1008 Kriiss
tensiometer, GmbH Germany, with Advance software. The
surface tension, yp, was measured with the pendant drop
method.”*™* The y; was measured in the temperature range,
T = 293-333 K, with a step of S K. For each temperature,
several drops of a similar volume (~2.5 yL) were equilibrated
in an argon atmosphere. The temperature measurement
uncertainty was +0.1 K, whereas the uncertainty of the surface
tension was +0.1 mN/m. The contact angle measurements
were performed at nine temperatures in the wide temperature
range, T = 263—298 K. Thanks to the measuring chamber
adopted to work in the wide temperature range with humidity
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Flgure 1. (a—c) DSC thermograms obtained for bulk and confined samples of 4Ph1B. (d) Glass transition temperatures (determined from
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ts for all studied infiltrated sampl.

presented values. (f) Thickness of the interfacial layer (£) plotted as a function of the length of the alkyl chain.

control, it was possible to measure the contact angle below the
freezing point of water. The contact angle measurements on
the solid smooth surfaces have been repeated a dozen or more
times. The precision of contact angle measurements was (.01°,
and the estimated uncertainty was not more than +2°, For the
surface energy (7s) estimation of alumina and (native and
silanized) silica, some of the following liquids were considered:
water, ethylene glycol, diiodomethane, and glycerol. The
dispersive and nondispersive parts in the surface tension for
these substances were taken from ref 40. The calculated surface
energy for native silica was 7, = 67.6 mJ/m* with the dominant
nondispersive part equaling 66.6 mJ/m’. For silanized silica,
the respective value was 7 = 25.3 mJ/m® with the dominant
dispersive part equaling 22.8 mJ/m™ " Details are presented in
the SI file.

2.6. Broadband Dielectric Spectroscopy (BDS). Meas-
urements were carried out on heating after a fast quenching of
the liquid state in a wide range of temperatures (175-243 K)
and frequencies (107" to 10° Hz) using a Novocontrol
spectrometer equipped with an « impedance analyzer with an
active sample cell and a Quatro Cryosystem. Dielectric
measurements of bulk samples were performed in a parallel-
plate cell (diameter: 15 mm, gap: 0.1 mm), as described in ref
47, Silica membranes filled with studied alcohols were also
placed in a similar caFamor (diameter: 10 mm, membrane
thickness: 0.05 mm)."""* Nevertheless, the confined samples
are heterogeneous dielectrics consisting of a matrix and an
investigated compound. Because the applied electric field is
parallel to the long pore axes, the equivalent circuit consists of
two capacitors composed of €2, 0und AN € Thus, the
measured total impedance is related to the individual values
through 1/ZF = 1/Z3 it + 1/Z& e where the
contribution of the matrix is marginal. The measured dielectric
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spectra were corrected according to the method presented in
ref 48.

The normalized a-loss peak for the bulk was fitted to the
one-sided Fourier transform of the Kohlrausch—Williams—
Watts (KWW) function (the dotted line in Figure 2(c,f))

Dy (1) = exp[—(1/7,)Pm] (1)

We found that for bulk PhAs, the fractional exponent, fiyww,
which describes the o-relaxation time distribution’s nonexpo-
nentiality, is equal to 0.9.

In order to obtain relaxation times, 7, the all dielectric data
were fitted using the Havrilak—Negami (HN) function™
Ag,

.I)"m:.: ]/‘mu_— ] (2)

where ap is the dc-conductivity term, & is the permittivity of
the free space, Ae is the dielectric strength, @ is the angular
frequency (@ = 27f), Ty describes the HN relaxation time,
and @y and fiy are the shape parameters. The subscript i
refers to each process. Note that the examples of dielectric
spectra collected for the bulk 2Ph1E as well as confined within
native silica templates fitted to either a single HN function or
two HN functions with the conductivity term, respectively, are
shown in Figure S6.

The temperature dependences of the relaxation times
(determined for the bulk Debye-like process) were fitted
using the Vogel—Fulcher—Tamman (VFT) function®?

P(m)——+l’ +Z

Ew 1+ (iwrrygy

W
T-T, (3)

where 7, is the relaxation time in the limit of very high
temperatures, T, is the so-called Vogel temperature, and B is

) S oeeq)[

hitps/idoiorg/10.1021/acs jpcc 3c0B0B4
L Phys. Chem. © XXXX, XXX, XXK<XXX



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

the activation parameter. Ts of the bulk samples was
determined as the temperature at which r = 100 s by
extrapolating the VFT fits. To determine T, for the
confined systems, their 7p.,(T) dependences below Tyicin
(after the kink) were fitted with either the VF'T' function or the

Arrhenius equation (dependent on the sample)

e
=g
mkahT @

where k, is the Boltzmann constant, and E, is the activation
energy. T, values of the confined PhAs were determined as
the temperature at which = = 100 s by extrapolating either VFT
or Arrhenius fits.

2.7. Fourier Transform Infrared (FTIR) Spectroscopy.
The FTIR spectra of bulk and confined samples were recorded
on a Nicolet iS50 FTIR spectrometer (Thermo Scientific,
Madison, WI) with continuous dry air purging to eliminate
carbon dioxide and water vapor. The measurement parameters
were set in OMNIC software (Version: 9.6.251, Thermo
Scientific) as follows: the spectral resolution of 2 em ™, 16
scans, a gain of 8 and the spectral region of the collected
spectra 4000—1300 ¢m™', Due to the saturation of silica
membranes, the region below 1300 cm ™! was not analyzed. To
monitor the temperature, the Linkam THMS 600 stage was
used, which allowed for measurements in the temperature
range of T' = 297—153 K (with a temperature rate of 4 K/min).
Additional purging of the apparatus was applied for 30 min
before each measurement. In the first step, the background
spectra of an empty pore (Figure $2) were recorded in a wide
range of temperatures (T = 297-153 K) to eliminate any
influence of the template on the spectra of the incorporated
alcohol. Infiltrated alcohols were measured under the same
conditions as for empty pores, with matching temperature
ranges and spectral parameters. The background spectrum of
the “empty” pore was automatically subtracted from the
measured spectrum. Initial spectral preprocessing, including
baseline correction, was performed with the OMNIC program.
A simplified scheme for the IR is pr d in
Scheme S1.

3. RESULTS AND DISCUSSION

Representative DSC curves recorded for bulk 4Ph1B and
samples infiltrated into various silica membranes are presented
in Figure I(a—c). Note that representative DSC curves
recorded for 2Ph1E and 3PhIP are shown in Figure S4. All
bulk samples exhibit the presence of one glass transition
(manifested by a characteristic endothermic jump of the heat
capacity). Moreover, T';s reveal a slight "odd—even’ effect with
the change in the molecular weight of alcohol."” Values of the
glass transition temperatures determined for nonconfined
systems are listed in Table S1. On the other hand, for PhAs
incorporated within various silica membranes characterized by
a defined pore diameter, d ~ 5 nm (see Figure S1), two
(double) glass transitions (DGTs, manifested as two
endothermic signals) located above and below the bulk T
were observed. One can stress that herein, the DGT
phenomenon was recorded for all examined confined samples,
regardless of the length of the alkyl chain of PhAs and the type
of templates (native/silanized). It should be noted that the
similar scenario was previously reported for a variety of glass
formers, including associating materials, infiltrated into various
porous templates (silica, alumina, etc.).”* ™" The presence of

72

the DGT is assumed to originate from the confinement-
induced distribution of interactions within the systems due to
the presence of the solid interface, leading to the heterogencity
in terms of molecular dynamics as well as the packing density.
Moreover, it can be described by the simple ‘two-layer’ (or
‘core—shell’) model,” which implies that one can distinguish
previously mentioned ‘interfacial’ molecules of reduced
mobility with the glass transition occurring at higher
temperatures (T, ,,.5q), and the particles located at some
distance from tﬁ: interface (more in the middle of the
nanochannels) labeled as the ‘core’ fraction characterized by
lower values of the glass transition temperatures (T.,.)-
Importantly, until now, it was assumed that the lack of specific
interactions between confined molecules and the interface
would result in the absence of a defined interfacial layer.
However, recent studies of polar van der Waals liquid, (S)-
(—)-4-methoxymethyl-1,3-dioxolan-2-one (labeled as S-me-
thoxy-PC),"" incorporated within AAO membranes of different
pore sizes and modified surfaces clearly show that it is not the
case, and even for the silanized hydrophobic surface, the DGT
phenomenon (especially the presence of T&hmﬁdnl) can be
seen. A similar situation was found in our study, but it seems
that the silanization process of the mesoporous templates
affects the DSC signal. Values of determined T,s are presented
in Figure 1(d) and Table S1. As shown, Ty,nertscat 204 Ty core
decrease slightly (AT, ~ § K) with the elongation of the alkyl
chain for the samples infiltrated into both types of applied
templates. Nevertheless, there is a pronounced difference in
T,s between materials infiltrated within either native or
sifanized silica templates, where the difference between both
T,s (defined as AT, = Ty yerpucia = Tyeore) is higher for alcohols
within the latter pores. This possibly originates from the
specific H-bonding interactions between native silica and
alcohol, which are strongly reduced in the silanized pores.

Next, in order to quantify the volume of the interfacial layer
dependently on the surface interactions, we calculated the
length scale of the interfacial layer, &, as follows: ™
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pinterfacial

|+ AC,

p.ore

=—=[1-
g AC

p.interfacia (5)
where AC,,s are heat capacity changes at the corresponding
T,; (determined from the differences between C, after and
before the detected heat capacity jump). Note that eq § was
applied under the following conditions: the volume of the
material in the surface layer is proportional to the step change
of its heat capacity; the density of the confined sample is
constant along the pore radius; and the pore is cylindrical.
Additionally, it should be highlighted that eq 5 is a simple
mathematical model, assuming direct proportionality between
the heat capacity and the number of molecules, and it does not
take into account any variation in the density, roughness, or
curvature of applied templates. This might lead to some
overestimation of £ The determined values of & for all
examined samples plotted as a function of the alkyl chain are
shown in Figure 1(f). As illustrated, the interfacial layer reaches
the length scale of approximately & ~ 0.5 nm for all samples
incorporated into the native or silanized porous template. For
comparison, one can mention that for PhAs infiltrated within
the AAO membrane of a significantly higher pore size, d = 10—
40 nm, & ~ 2 to 7 nm.” Such a high value of & seems to
indicate up to 10 molecular layers, which might be achieved by
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the formation of some associating structure (most likely
loosely packed) near or at the interface. Moreover, one can add
that for other MAs, ie., 2-ethyl-1-hexanol, 2-ethyl-1-butanol,
and S-methyl-3-heptanol, infiltrated into native silica templates
of comparable pore sizes (d = 4—8 nm), the length scale of the
interfacial layer reaches & ~ 0.5 to 1.4 nm."

In order to understand why we observe two prominent glass
transition temperatures in recorded thermograms and a rather
comparable length scale of the interfacial layer in alcohols
infiltrated within native and modified silica, we carried out
additional measurements of the contact angle, 0,""*** which
can be used to quantify wettability. As one can recall, the
smaller @ indicates the better spreading out of a liquid drop on
the examined surface (and thus, better wettability). Values of
determined & values for all examined PhAs are shown in Table
L and Figure S3. All of these measurements were carried out on

Table 1. Contact Angle, &, at 298 and 258 K, as well as the
Surface Tension, y,

native sifica silanized silica
7 at 298 K é at 6 at ar 298 K g at
sample mN/m]" 208K [*] 258 K [%] [ 258 K [7]
2Ph1E 3884 302 222 440 283
3Ph1P 3828 284 218 42.0 286
4Ph1B 37.26 282 220 392 26.6
SPh1P 37.01 289 222 39.8 169

“Values of 7, were taken from ref 61,

the planar surfaces, which most likely have different properties
than the curved surface of the pore walls {generated during
electrochemical etching). Nevertheless, such an approach is
well accepted in literature and provides approximated
information about the effect of wettability on the dynamics
and shift of the glass transition temperature of the confined
materials.”**" As can be seen, all materials are characterized by
similar contact angles independent of the examined surface;
however, in the case of silanized substrates, values of @ are
higher, as can be expected due to differences in the surface
interactions. Nevertheless, contrary to the expectations, both
surfaces can be considered hydrophilic since for all of them, &
< 90°. Therefore, one can state that there is some difference in
the wettability of the material located on native and modified
silica, but it is not significant. Moreover, it should be pointed
out that the contact angle decreases with a lowering
temperature, reaching comparable values ¢ ~ 22° and & ~
287 for PhAs spread on the respectively native and silanized
silica surfaces at T = 266 K (see Table 1 and Figure S3). That
means that at low temperatures, wettability and intermolecular
interactions between materials and pore walls are comparable
for all systems independent of the applied type of template.
Therefore, one might assume that specific H-bonding
interactions with pore walls do not play a significant role in
the enhancement of the wettability of the PhA in native silica
with respect to the samples infiltrated into the silanized
template. Nevertheless, a noticeable shift in the T .6 to
the higher temperature for the samples infiltrated into former
membranes with respect to the modified ones is most likely
due to the formation of the strong H-bonds between host and
guest molecules, which are not present in the latter system.
Furthermore, we performed comprehensive dielectric
measurements. Figure 2(ab,d,e) illustrate the representative
dielectric loss (¢") spectra obtained for 2-phenyl-1-ethanol
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(2Ph1E) and 4-phenyl-1-butanol (4Ph1B) incorporated within
native and silanized silica templates of d ~ 5 nm. Data for the
nonconfined compound are presented as insets in Figure
2(a,d). Dielectric loss spectra recorded for 3Ph1P and SPh1P
are shown in Figure S5. As shown, the spectra obtained for
bulk samples are composed of two relaxation processes, the dc-
conductivity at lower frequencies (related to the ion transport)
and a prominent relaxation process at higher frequencies that
dominates the recorded spectra (characterized by a Kohl-
rausch—Williams—Watts (KWW) stretched exponent, ffi g ~
0.90, suggesting the Debye-like response, see Figure 2(c,f)).""
Therefore, in this paper, we label this process as a Debye-like
(D) one for the macroscale systems. Note that the loss spectra
of various MA often exhibit the presence of a prominent
Debye-like peak (originating from the formation of associating
structures”*), whereas the structural (@) process (cooperative
motions of molecules) often manifests itself as an excess win
on the high-frequency flank of the Debye mode, """
Herein, we observed only one prominent symmetric mode,
with no sign of any additional process. Therefore, at first, this
single dominant relaxation observed in the dielectric response
of PhAs was interpreted as a genuine a mode.”’ However,
recent studies on phenyl-substituted alcohols by a combination
of BDS with different experimental techniques (ie,, either
photon correlation spectroscopy, PCS, or mechanical measure-
ments”"""~") clearly show that this relaxation observed in the
case of PhAs is, in fact, the superposition of the two modes (a
slow Debye-like and an & one, resulting from both the cross-
correlation between dipole—dipole and self-dipole correlation,
respectively) but is observed as only one relaxation peak due to
their similar time scale.”

Interestingly, in the case of PhAs infiltrated in various silica
membranes, one can observe a different scenario. First, for
alcohols within native (untreated) templates, the presence of
three relaxation processes can be detected (instead of the two
modes observed in the bulk). An additional relaxation process
emerges in the middle-frequency range on the low-frequency
side of the main relaxation peak. Importantly, it becomes more
prominent with an increase in the alkyl chain of examined
compounds (see Figure 2(c,f)). On the other hand, it is not
resolved for alcohols within silanized (treated) templates.
Taking those observations into consideration, one can assume
that the additional process might be, in fact, related to the
motions of the molecules in close proximity to the interface,
which strongly interacts with the pore walls (so-called
interfacial molecules).'”™ Therefore, often this process is
denoted as the interfacial one. It is assumed that this mobility
is no longer present within materials confined within treated
silica templates due to a lack of specific interactions between
PhA molecules and the interface as a result of the silanization.
However, taking into account the above-mentioned calori-
metric data, one can also expect to observe the interfacial
process in the case of silanized systems. In this context, one can
briefly remind that this process was not previously reported for
alcohols incorporated in AAO templates of various pore
sizes,” which was assigned to the difference in the time scale
of the mass exchange between interfacial and core molecules
and the experiment time.”' Tt is assumed that when the
exchange between both fractions is faster than the time of the
experiments, the interfacial process can be detected (and
absent if not), Thus, one can assume that the lack of a well-
resolved additional process of PhAs within silanized mesopores
might be related to the differences between the time scale of
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Figure 2. Dielectric loss spectra of (a, b) 2Ph1E and (d, ¢) 4Ph1B infiltrated within (a, d) native and (b, ¢} silanized silica templates. The insets in

panels (a) and (d) show the dielectric data for the bulk systems. (¢, f) Comparison of dielectric loss peaks obtained for all measured samples at f =

10° Hz.

the mass exchange between interfacial and core molecules and dominant or main relaxation process. Second, the significant
the experiment time when compared to the MAs within native broadening of the low-frequency side of the main relaxation
templates.”*"* peak for PhAs within native silica templates suggests the
Figure 2(c,f), representing the shape of the main relaxation emerging of a new mode, which might be assigned to the
process for all examined systems, is shown in comparison to interfacial process as discussed above. However, when
that of the bulk. The presented spectra were shifted to examining the spectra collected for PhAs within silanized
superposed at the same relaxation time as the main relaxation (treated) templates, one can also see that the interfacial
process. As illustrated, the dominant relaxation peak observed process can be observed as well, but it has a significantly lower
for all ined confined systems is broader (especially in the amplitude when compared to the materials within native
low-frequency region) than those of the bulk sample. This membranes.'""'* This might imply that even if the specific
agrees with the previous data reported for PhAs infiltrated interactions at the interface are suppressed due to the
within various AAO templates (data for alcohols within AAO performed surface modification, some van der Waals
membranes of d = 10 nm were added). One can mention that interactions near the surface can still be present, contributing
this behavior is a common feature of both van der Waals and to the formation of the molecule fraction characterized by
associating liquids_infiltrated into various porous materials reduced mobility in the proximity of the more hydrophobic
(AAO/silica).”*™ " This broadening of the distribution of the surface. Note that the interfacial process is also affected by the
relaxation times is often discussed as a result of an increase in magnitude of the dipole moment libration of immobilized
the heterogeneity of the molecular mobility observed in the molecules as well as the long-distance correlation between
confined systems, most likely induced by the presence of the dipoles. Nevertheless, it should be mentioned that up to now,
solid interface (in terms of the introduction of additional no presence of the interfacial process was reported for
interactions within the examined systems).”"" One can add materials infiltrated within modified silica templates.*'*****
that for associating materials, changes in the hydrogen bond Therefore, the question arises as to the origin of the observed
population under confinement might also be taken into additional relaxation process.
consideration.””™" At this point, two issues should be To provide additional information, in the next step, we
highlighted. First, the observed loss peak under confinement determined the temperature dependence of the relaxation
is no longer a Debye-like relaxation; therefore, in the case of times, 7, of observed relaxation peaks, the dominant (rp,,,) and

confined samples, this mode would be referred to as a additional (r;) ones located at high- and middle-frequency
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Figure 3. Temperature dependences of the relaxation time (r) obtained for bulk and confined (a) 2Ph1E and (b) 4Ph1B. For comparison, data for
PhAs within AAO templates characterized by d = 10 nm are shown (taken from ref 36).

regions, respectively. For that purpose, the dielectric data were
fitted using (one or two) Havrilak—Negami (HN) function(s)
with an additional dc-conductivity term (see Section 2 and
Figure $6).* Determined in this way, relaxation times were
plotted versus the inverse temperature and are shown in Figure
3. Data for 3PhIP and SPhIP are shown in Figure S7. As
illustrated, there are no differences between the 7, (7T)
dependences of examined systems (either bulk or infiltrated) at
the "high-temperature’ region, while further cooling revealed a
systematic change in the slope of zp,(T) of infiltrated
materials from VFT-like of the bulk characteristic to the more
Arrhenius-like at some specific temperature. It should be
highlighted that this characteristic ‘change in the slope’ is a
common feature reported for the various systems infiltrated
into porous media independent of the applied pore size and
the materials the templates are made of (ie, AAQ or
silica)."™™ Moreover, it should be mentioned that the specific
temperature (at which the change in the slope occurs) is
reported to strongly depend on the pore size. In fact, the lower
the d, the higher is the specific temperature. This deviation of
dynamics observed for infiltrated systems was recently assigned
to two major effects: (1) changes in the dynamical
heterogeneities, ¢, within the glass formers under confinement
conditions™*** and (2) the vitrification of the interfacial
molecules.”** ™" The former approach implies that the pore
size of the applied porous membranes suppresses { upon
cooling, resulting in the deviation of = T). However, this issue
seems to be only valid for the systems characterized by d ~ ¢,
where ¢ was calculated to approximately ¢ ~ 2 to 3
nm.” ¢ Nevertheless, one can recall that the change
of 7(T) was also reported for the cases where the pore
diameter was higher than 18 nm (significantly higher than ).
Therefore, this phenomenon is often described by considering
the vitrification of the interfacial layer (located near the
interface). Consequently, below that temperature, the
investigated system might be regarded as pseudoisochoric,”**
which results in a change in the temperature dependence of
relaxation times of core molecules, which follow 7,(T) at
constant volume. Hence, the specific temperature (at which
the change in the slope occurs) is usually assigned as the glass
transition temperature of the interfacial molecules (located in
close proximity to the interface and characterized by the
"higher’ interfacial interactions and strongly reduced mobility),
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T intetociat- Note that we also observed a pronounced reduction
of the dielectric strength, Ag, of the dominant process
observed under confinement in comparison to the bulk
samples (see Figure S8). One can recall that in the case of
associating materials, this behavior might indicate the
reduction in the cluster size, association under confinement.*”
However, alternatively, this might also suggest that some
molecules are “adsorbed” at the interface; therefore, they do
not contribute to this mode, leading to a reduction of Ae.™

Taking into account the data shown in Figure 3, we draw the
attention to three major observations. First, the deviation of
Tom( 1) can be observed for all applied types of membranes
(native and modified), although the change in z;,,,(T) occurs
at different conditions (see Table $1). Second, the specific
temperature (at which the change in the slope of 7p,,,(T)
occurs) agrees well with T i .qqy determined form the
calorimetric measurements (see Figure 1(e)). This implies that
the vitrification of the interfacial molecules might be
responsible for the observed deviation of 7p,,(T). Third, it
is worthwhile to stress that the temperature at which 75,.,,(T)
deviates from the bulklike behavior does not correspond in any
way to the behavior of the slower dielectric relaxation process
appearing in the dielectric response of alcohols infiltrated
within native silica templates (see Figure 3). Note that the
relaxation times of this additional diclectric process reach 7,3
~ 0.01-0.001 s when a change in the slope of the relaxation
times of the main dielectric mode occurs. Therefore, taking
into account also the results obtained from the calorimetric
measurements, i.e., the presence of DGT and the fact that
interfacial molecules form an interfacial layer, irrespective of
the character of the pore walls, one can indeed assume that the
deviation of 75,(T) originates from the vitrification of the
adsorbed molecules in pores. However, the additional
dielectric response observed in the loss spectra collected for
PhAs within native silica templates of d ~ S nm (see Figure 1)
is most likely not connected to the mobility of the interfacial
layer.

Therefore, the question arises about the origin of the
observed additional relaxation process. One can mention that
the 7,,4(T) dependence resembles the characteristic of the
slow Arrhenius process (SAP) recently observed in the loss
spectra collected for the (unequilibrated) polymeric thin
films.”" This molecular origin seems to be valid, especially
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taking into account that the activation energies, E,, of this
process determined for all examined samples reach E, 134 ~
70.7-91.1 kJ/mol (see Table 2), whereas those of the SAP

Table 2. Activation Energies, E, 4, Calculated from the
Arrhenius Equation (Eq 4) for the Additional (Slower)
Relaxation Mode Observed in the Dielectric Response of
PhAs Incorporated into Native Silica Membranes of d ~ §
nm

4Ph1B
845

2Ph1E
84.5

3rh1P
.l

SPh1P

E, i [J/mol] 70.7

determined for a series of various polymeric thin films are of
the order of E, ¢ap = 100 kJ/mol. Nevertheless, it should be
pointed out that the present data are insufficient to clearly
distinguish the origin of the additional dielectric mobility
observed for the examined series of PhAs within native silica
templates. Therefore, this issue will be explored further within
the next projects.

Alternatively, one can assume that this additional dielectric
mode can originate from the mobility of “the confinement-
induced” associating structures. Note that in the case of the
bulk materials, we do not observe any separate mobility related
to the structural relaxation but only the presence of a Debye-
like process (related to the formation of nanoassociates). In
fact, recent studies confirmed that the Debye-like process
detected for PhAs is indeed related to the association—
dissociation process according to the transient chain model
(TCM).* Thus, this additional mobility observed in pores

might be related to the formation of 'new’ confinement-
induced assodiating structures. To shed new light on this
problem, we performed infrared measurements to monitor the
population of hydrogen bonds (HBs) of the studied
compounds under confinement. Herein, we focused mostly
on monitoring the changes in the H-bonding properties of
PhAs, which can be well reflected and visible in the stretching
vibration bands of hydroxyl groups located in the wavenumber
range from 3700 to 2600 cm™. In this region, some peaks
occur for both bulk and infiltrated PhA samples, namely, the
band of weak intensity at ~3550 cm™' assigned to the
stretching vibrations of the free, nonbonded O—H groups
(vou fee)y and a broad signal centered at ~3330 cm™'
associated with the stretching vibrations of H-bonded O-H
moieties (Vo o). At lower wavenumbers, the peaks related
to the stretching vibrations of aromatic (3100-3000 cm™')
and aliphatic (3000—2800 cm™') C—H groups are observed.
In Figure 4, the IR spectra of bulk and infiltrated samples in
the 3700—2600 cm™' spectral range over a wide temperature
interval (T = 297—153 K) are shown. One should mention
that the H-bonding properties of bulk PhAs were previously
detailed in ref 47; hence, in this paper, we mainly analyzed the
associating behavior of infiltrated PhAs compared to the bulk
ones. As shown in Figure 4, the most significant changes were
observed in the vn; band region, as the position of this band
was red-shifted (shifted to lower wavenumbers) with
decreasing temperature in both bulk and confined PhAs,
Such a spectral behavior clearly indicates the strengthening of
H-bonds in these systems upon cooling, The same effect was
detected for other primary and secondary monohydroxy
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Figure 4. Infrared spectra of 2Ph1E in (2) bulk, (b) native pore, and (¢) silanized pore and 4Ph1B in (d) bulk, (&) native pore, and (£} silanized
pore in the frequency region 3700—2600 cm™ presented in the temperature range, T = 297153 K.
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alcohols incorporated in silica and alumina mesopores™ as well
as water confined in periodic mesoporous (organo)silicas.”"
Furthermore, in both groups of systems, the intensity of the
Vo e Dand decreased as the temperature was lowered/
reduced, indicating the higher association degree (larger
number of H-bonded MA molecules),

Furthermore, as shown in Figure 5, we compared the FTIR
spectra of bulk and confined samples at three temperatures in
the 3700—3000 cm™" spectral range. One can see that at RT,
the vgyy bands of bulk and confined PhAs exhibit nearly
identical shapes, and their positions at the maximum do not
differ significantly (see Table S2). Interestingly, the spectro-
scopic studies conducted for water under confinement showed
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that the vy band was almost indistinguishable from bulk
water,'"* or it was only slightly blue-shifted.”” The reported
blue shift phenomenon was associated with the poorer H-bond
acceptor ability of silica oxygen atoms and thus with the
presence of interfacial water molecules.”” Moreover, the
intensity of the voyg.. band was higher for confined PhA
samples compared with the bulk. The percentage values of the
number/amount of free hydroxyl groups for both bulk and
spatially restricted PhAs were calculated and are presented in
Figure $9. Details are given in the SI file. It can be noticed that
approximately twice as many nonassociated OH groups for
MAs under confinement compared to the nonconfined
samples is observed, indicating that the association process
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of PhAs in geometrical restriction is partly suppressed. These
parameter values are similar for both native and silanized silica
templates, with slightly higher values for silanized ones,
suggesting that functionalizing silica membranes (more
hydrophobic) and the overall nanogeometrical restriction led
to the presence of more amount of nonbonded OH species in
nanopores. What is more, considerable changes in the voy
bandwidths are detected, i.e, the vy bands of MAs in both
native and silanized templates are broadened compared to
their bulk counterparts. This indicates greater heterogeneity in
the distribution of HB aggregates for alcohols under nano-
confinement. At RT, the broadening of this band is more
distinct in the lower wavenumber region, suggesting that
stronger H-bonds are more affected than weaker ones.

As the temperature decreases, the behavior of the v,y band
resembles that at RT, i.e,, the subtle structure of the v, band
remains, with a weak peak originating from the free hydroxyl
groups, suggesting partial association at lower temperatures. As
shown, the vy peak for MAs in confined samples is shifted to
higher wavenumbers, indicating weaker H-bonding interac-
tions in spatial restriction (see Figure 5(b)). Moreover,
significant discrepancies between confinement and bulk are
observed in the vy bandwidth with confined samples having
broader bands than bulk samples, especially at lower
temperatures. The most prominent difference occurred on
the left shoulder of the ry, band, which might indicate the
presence of an additional contribution within the 'weaker H-
bonded” OH associate range, much more resolved when
compared to the spectra at RT. Note that native silica
nanopores exhibit slightly broader vq;; bands compared to
silanized membranes. Overall, the widening of the v, band
follows this order: bulk > silanized pore > native pore, implying
a more substantial impact of the hydrophilic environment on
the H-bond network of the incorporated PhAs. It should also
be mentioned that similar observations were reported for other
MAs under confinement, demonstrating that the incorporation
of MAs into silica nanomaterials is manifested by the changes
in the v, peak frequencies and the broadening of the band in
the same order as described herein."

To explore the presence of an additional shoulder in the
higher frequency region observed for incorporated 4Ph1B (the
blue box in Figure 6(a)), we carried out the deconvolution of
these spectra recorded at T, in the range of 3600—-3000
an”'. As found, the proper description of the ve, band of
infiltrated 4Ph1B requires the application of three Gaussian
curves (see Figure 6(c)), whereas the use of two Gaussian
functions is enough to fit the vy band of the bulk sample
(Figure 6(b)). Interestingly, a new component occurring for
the former sample in the higher wavenumber range suggests
the existence of additional weak H-bond interactions in the
studied system. A similar deconvolution of the 2,y band was
presented for water confined in MCM-41 pores. In this case,
the region ~3350 to 3500 cm™' was assigned to small
aggregates of water molecules characterized by different
dynamics.”® One can also add that the mobility of these
‘new’ confinement-induced HB interactions, resolved as an
additional shoulder in the IR spectra of incorporated PhAs,
might contribute to the appearance of the additional relaxation
process observed in the loss spectra shown in Figure 2(c,f).

Further, we performed the calculations of the activation
energy, E,, of the dissociation process, using the van't Hoff
equation:
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RT R (6)

where E, indicates the activation enthalpy, S is the entropy of
the dissociation process, and R is the gas constant. Details of
the calculations are shown in the SI file together with the van't
Hoff plots for PhAs in native and silanized mesopores, which
are presented in Figures S10—14 and Table S3. As can be seen
in Figure 7, the estimated values of E, for PhAs in
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Figure 7. Activation energy of the dissociation, E,, calculated for bulk
PhAs and samples infiltrated into native and silanized silica templates
ofd ~ § nm.

nanorestriction are lower (E, ~ 7 to 9 kJ/mol) than those in
bulk materials (from 10.49 to 13.65 kj/mol), indicating the
significant contribution of weak H-bond interactions occurring
in spatially confined geometries compared to the bulk ones in
which the stronger HBs dominate. As a result, less energy is
required to break these H-bonding interactions in confined
samples than in bulk ones. This fact corresponds well with the
lower association degree of infiltrated samples relative to that
in bulk samples (a slightly smaller number of H-bonded MA
molecules relative to free ones under confinement compared to
that in bulk samples). Moreover, as the aliphatic chain length
increases in bulk alcohols, the dissociation energy tends to rise.
However, this trend is not observed in confined samples, where
E, values are comparable (refer to Table 3 for values with
errors). It should be mentioned that similar values of this
parameter for bulk samples were reported for various aliphatic
alcohols, differing in the chain length and the localization of

Table 3. Calculated Activation Energies of Dissociation, E,,
for PhAs Incorporated into Native and Silanized Silica
Membranes of d ~ 5 nm

E, [kJ/mol]
PhAs within native Phas within silanized
samples  bulk PhAs™ silica silica
2PhlE 10.49 + 028 6.94 + 0148 862 + 139
3PhiP 11.64 + 0.25 8.90 = 052 796 £ 1.54
4Ph1B 1341 + 0.80 8.84 + 0.89 9.05 + 0.74
SPhIP 1365 + 043 8.90 = 088 847 + 088

“Values of E, determined for the bulk samples were taken from ref 61,
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the OH groups, with the activation energy of the dissociation
process ranging from E, = 9—14 kJ/mol.”” Additionally, the
literature shows that the enthalpy required to break HBs in
pure water equals E, ~ 8§ kJ/mol, and a slightly higher value
was calculated for HOD in the D, solution and is equal to E,
~ 10 kJ/mol."™ It should be stressed that, to the best of our
knowledge, until now, the values of the activation energy of the
dissociation process for systems confined in nanopores have
not been determined. Therefore, the values presented herein
for PhAs in native and silanized nanomembranes make an
important contribution to investigating the impact of nano-
restrical confinement on the behavior of associating materials.

4. CONCLUSIONS

In this paper, we investigated the influence of surface
interactions on the associative behavior of phenyl-substituted
monohydroxy alcohols. Interestingly, we observed a pro-
nounced deviation of the dominant relaxation process
(corresponding to the bulk Debye-like mode) for all examined
confined systems occurring at T, .nc. independent of the
applied type of porous templates. Nevertheless, the dielectric
response of PhAs infiltrated within native silica mesopores
revealed the presence of an additional relaxation process,
particularly pronounced for longer aliphatic chains. Interest-
ingly, it was observed that this additional mobility is most likely
not related to vitrification of the interfacial layer, T gucia- Its
molecular origin is yet to be clarified. Calorimetric data
revealed a double glass transition phenomenon for systems
infiltrated in native and modified silica. Moreover, it was found
that for both types of membranes, the length of the interfacial
layer, &, reaches approximately £ ~ 0.5 nm for all PhAs. This
suggests that an interfacial layer is formed, irrespective of the
character of the pore walls, This observation was explained
considering contact angle measurements, which revealed that
at low temperatures, all examined PhAs have a similar
wettability on both surfaces, @ ~ 22 to 28°, IR measurements
showed that the incorporation of PhAs into silica membranes
inhibits complete association over the entire temperature
range. Moreover, nanogeometrical restriction has a relatively
small impact on the H-bonds’ strength of infiltrated PhAs, as
seen in the voy peak position. However, it alters the vy
bandwidths; i.e, the confined samples are characterized by
broader OH bands than those in bulk, indicating greater
heterogeneity in the distribution of H-bonded systems in
nanoconfinement. Notably, for the first time, we calculated the
activation energy values of the dissociation process for
confined PhAs, which were lower than those of bulk ones.
This result correlates well with the lower association degree of
infiltrated PhAs compared to their bulk counterparts, resulting
from the spatial restriction. Thus, all experimental methods
used consistently confirmed the formation of an additional
interfacial layer in infiltrated PhAs in which the alcohol
molecules strongly interact with the pore walls. We believe that
the presented results offer a better understanding of the
processes occurring for associating liquids in nanoconfinement.
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. Introduction

The existence of a strongly bonded layer in
associating liquids within silica pores — a spectral
and molecular dynamics study+t

Natalia Soszka, (& * Magdalena Tarnacka, £ *° Barbara Hachuta, G-
Patryk Wtodarc%k. (3¢ Roman Wrzalik,” Marek Hreczka S Marian Paluch® and
Kamil Kamirski (2°

The properties of confined materials are assumed to be governed by the phenomena occurring at the
interface, especially the formation of an irreversible adsorption layer {IAL), which has been widely dis-
cussed and detected in the case of thin polymer films and silica nanoparticles. In this paper, we present a
novel experimental approach allowing us to reveal the formation of an IAL in two phenyl alcohols infil-
trated into various mesoporous silica templates, The proposed methodology (based on evaporation)
allowed us to detect the alterations in the OH and aromatic CH stretching vibration bands in infrared
spectra, which were considered as evidence of the existence of IAL in constrained systems. Such
interpretation was also confirmed by complementary molecular dynamics (MD) simulations that indicated
the creation of much stronger hydrogen bonds between alcohols and silanol units than between alcohols
themselves. Moreover, computation allowed us to identify additional enormously strong n-stacking inter-
actions between phenyl rings stabilizing the interfacial layer. MD simulations also shed new light on the
clustering process of both alcohols under confinement. Simulation and experimental data presented in
this paper allowed a much deeper understanding of the processes occurring at the interface-formation of
|AL and the association phenomenaon at the nanoscale level.

surface effects. However, despite continuing research efforts,
the detailed understanding of the confinement effect is yet to

Soft materials under nanometric spatial constraint have
attracted over recent years a growing interest from both scienti-
fic and industrial perspectives, which arises due to their
(often) significantly different behavior from that of their bulk
counterparts, just to differences in  phase
transition,"* dynamics,” * or the tendency to crystallization.*”
This makes them promising agents in developing a novel gene-
ration of drug carriers,*"" sensors,'" coatings,'? fuel cells,"
etc. Changes in basic parameters of confined materials are
considered to be an effect of mainly two factors: finite size and
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be fully addressed (i.e., the contribution of different factors
allowing the prediction of the behavior of partially restricted
systems).

One can recall that a majority of recent studies suggested
the dominant influence of the latter issue (surface effects),
which consists of, eg, interactions'' (and surface
polarity'®'”) as well as roughness,""® curvature'’ and wett-
ability, might be the dominant factor. Nevertheless, it seems
that one of the most interesting surface effects affecting/gov-
erning the behavior of confined materials is the formation of a
fraction of molecules irreversibly adsorbed at the interface of
the applied constrained medium (assigned as an irreversibly
adsorbed layer, IAL). The occurrence of an TAL was first shown
in the case of annealing experiments of capped thin poly-
styrene films performed by Napolitano and Witbbenhorst.*”
The investigation revealed the shift of the segmental relaxation
process with time due to the density perturbation leading to
the thickening of ‘the layer of chains irreversibly adsorbed
onto the substrate’ (Guiselin brushes) upon annealing, result-
ing in a change in the glass transition temperature, 7, (even
recovery of the bulk-like behavior).”® ** It was assumed that

This journal is © The Royal Society of Chemistry 2024
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the surface coverage increases as the new coming molecules
more loosely interact with the surface and are adsorbed by
fewer segments forming loops, tails, and trains,***! depending
on the polymer rigidity and, also sometimes, on the interfacial
dynamics.”” This was attributed to the formation of a defined
IAL of molecules due to a decreasing free volume over time.
Those observations also agreed with theoretical studies taking
into account various free volume-based models, ie., free
volume diffusion model’™* or a cooperative free volume
model,*® * which clearly show that the detected changes in
the segmental dynamics and 7, might result from either the
diffusion of free volume holes or free volume-dependent seg-
mental relaxation behavior of confined systems, respectively.
Herein, it is also worth stressing that the formation of the IAL
was also reported in the case of materials cast on silica
nanoparticles.” ™ Surprisingly, many of the above-mentioned
effects observed for various thin polymer films (considered as
one-dimensional confinement) are also recognized in higher-
dimensional spatially constrained systems such as porous
materials (two-dimensional confinement). One can mention
the changes in dynamics upon annealing observed for various
low-***¢ and high-molecular-weight glass”** formers infil-
trated within either silica or anodized aluminum oxide (AAO)
porous template characterized by different pore size, d =
10-160 nm. It should be also highlighted that in some cases,
even the recovery of the bulk-like properties after prolonged
annealing were reported.’™'” However, despite those simi-
larities between the behavior of thin polymer films and porous
materials, we still do not know whether these effects have the

View Article Online
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same molecular origin. Up to now, the existence of IAL has
been experimentally confirmed only in the case of the former
systems; as for the latter, this issue has yet to be addressed.
This raises the question of whether it is possible to obtain/
extract this layer in membranes, and if formed, whether it is
governed by the same physics as in the case of thin films and,
thus, is a fundamental feature of spatially confined systems.
Herein, we address some of those questions as we investi-
gated two monohydroxy phenyl-substituted alcohols (PhAs),
2-phenyl-1-ethanol (2Ph1E) and 3-phenyl-1-propanol (3Ph1P,
see their chemical structures in Fig. 1), infiltrated into silica
mesopores of d = 4-8 nm by means of Fourier transform infra-
red (FTIR) spectroscopy. However, to verify the existence of IAL
in porous systems, we propose a slightly different approach in
contrast to the Guiselin brushes experiments.*”**~"* As porous
materials are characterized by highly curved interface when
compared to thin films (see Fig. S1 in ESIY), instead of remov-
ing the liquid inside the pores by ‘washing out’, the substances
were evaporated from the silica templates, This approach
would allow us to avoid the presence of any solvent, which
might remain in the system after the procedure. The choice of
materials for this study was not accidental. We chose two
associating liquids (characterized by a different length of alkyl
chain; see Fig. 1), which relatively easily evaporate at ambient
pressure. Moreover, in this study, we applied two types of silica
membranes, native (of untreated hydrophilic interface) and
silanized (of treated hydrophobic interface), to distinguish the
role of specific interactions (in this case, hydrogen bonding,
H-bonding) in the formation of IAL. The nanoporous silica

OH
OH
2-phenyl-1-ethanol (2Ph1E) 3-phenyl-1-propanol (3Ph1P)
e Empty SiO2 membrane |——— Empty SiO» membrane
(a).— Buk2Ph1E - — (b Bulk 3Ph1P
{——2Pn1E infiltrated into native silica of d = 4 nm W-—-apmp infiltrated into silica of d = 4 nm
f— : —_
s CH aromatic S v=3331cm’ CH aromatic
pc stretching © v =3328 cm”’ stretching
A —
o | (O3
(5} o
e S | eeon
_g | .g groups
3747 13747
3 B |associated|
< CH < | |OH groups
‘aliphatic | CH
aliphatic
3800 3600 3400 3200 3000 2600 2600 3800 3600 3400 3200 3000 2800 2800
Wavenumber [cm™] Wavenumber [cm™’]

Fig. 1

Infrared spectra of bulk 2Ph1E (a) and 3Ph1P (b) together with those obtai

d for PhAs infil d into native silica templates of d = 4 nm

measured at T = 297 K in the spectral region 3800-2600 cm’ L The spectra were normalized to the OH stretching vibration peak. Additionally, in

each case, a spectrum of empty native silica template is included.

This journal is © The Royal Society of Chemistry 2024
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templates were prepared by electrochemical etching of silicon
wafers and subsequent thermal oxidation, according to the
procedure reported in ref. 44 and 45.

Il.  Experimental
Materials

2-Phenyl-1-ethanol (2Ph1E) of purity > 98% and 3-phenyl-1-
propanol (3Ph1P) of purity 98% were purchased from Sigma
Aldrich. Before any experiments, the samples were dried under
a stream of liquid nitrogen. The chemical structures of com-
pounds are presented in Fig. 1.

Silica (Si0,) membranes

Mesoporous silica templates characterized by pore diameter
d = 4-8 nm were prepared by electrochemical etching of silicon
wafers and subsequent thermal oxidation. For more infor-
mation, see ref, 45.

Sample preparation

Before filling, SiO, membranes were dried in an oven at 7 =
373 K under a vacuum in order to remove any volatile impuri-
ties from the nanochannels. After cooling, the templates were
placed in a small glass flask containing alcohol. The whole
system was maintained for £ = 1.5 h at T = 323 K in a vacuum
(107 bar) to allow infiltration of alcohols into the mesopores.
After filling, the excess sample located at the surface of the
membrane was removed.

Fourier transform infrared (FTIR) spectroscopy

Temperature- and time-dependent measurements were per-
formed using a Nicolet i$50 spectrometer (Thermo Scientific).
Every spectrum was an average of 16 scans collected with a
resolution of 2 em™'. During low-temperature measurements
(7 = 297-153 K), the bulk of each monchydroxy alcohol (MA)
was placed between two CaF, windows with 3.5 pm spacers
made of polyethylene terephthalate in order to obtain a
uniform thickness of samples. The spectra were recorded every
4 K, with a cooling rate of 4 K min™~". Throughout the measure-
ments, liquid nitrogen was passed through the spectrometer
to avoid atmospheric H,O and CO, in the spectra. A Linkam
heating/cooling stage (Linkam Scientific Instruments Ltd,
Surrey, UK} was used to collect the spectra. The annealing
speetra of bulk substances were recorded using a GladiATR
(Pike Technologies) with a single reflection monolithic
diamond. To study the evaporation process, 2Ph1E was
measured at T = 353 K and 3PhiPat T = 363 K in a time scale
of 1 hour. For infiltrated systems, the temperature-dependent
experiments were performed in the temperature range T =
297-153 K with the use of a heating/cooling stage, collected
every 4 K at a rate of 4 K min~". As backgrounds, the spectra of
empty silica membranes were used in order to obtain data
without bands originating from empty pores. The annealing
measurements were performed at 7= 353 K and 7= 363 K for
2Ph1E and 3Ph1P, respectively. For each system, the sample

6638 | Nanoscale, 202416, 6636-8647
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was heated up from room temperature to the desired anneal-
ing temperature, where spectra were collected every 1 minute
for 1 hour.

Raman spectroscopy

The Raman experiment for bulk and infiltrated 2Ph1E was per-
formed using a WITec confocal Raman microscope (CRM
alpha 300R) featuring an air-cooled solid-state laser (1 =
532 nm, P = 10 mW). An Olympus LMPIanFI 50% objective was
chosen. The collected Raman spectra were accumulated by 30
scans with an integration time of 2 s and a resolution of

2em™.

Density functional theory (DFT) calculations

DFT calculations were performed with the ORCA 5.0.4
package.’® " All the geometry optimizations were done with
the B97M-D4 functional and 6-31G(2df,2dp) basis set. Energy
evaluations were done using hybrid B97 functional with
additional D4 corrections and 6-311G(2df,2pd) basis set. The
interaction energies were calculated as a difference between
the energy of the optimized dimer and the sum of the energy
of isolated molecules, according to the following equation:

Em=Er—Y E ()
=1

where E;,, is the interaction energy, E; is the total energy of
the entire complex, and F, is the energy of every isolated mole-
cule forming a complex.

Molecular dynamics calculations

Molecular dynamics study was performed with the Gromacs
2023°7%" program package. The initial pore structures were
modeled in PoreM$ software.”® Pores with two different sizes
were simulated. The length of the pores was equal to 8 nm
(12 nm for larger ones), while the inner diameter was equal to
4 nm (8 nm for larger ones). The pore was placed in a box with
a length of 12 nm (16 nm for larger ones). On both sides of the
pore, there was empty space (2 nm length on each side) pre-
pared for the molecular reservoir. The pore and additional
empty space were further filled with alecohol molecules (2Ph1E
or 3Ph1P). The initial simulation was done with the isother-
mal-isobaric ensemble (NPT), where the pressure was set to 1
bar in the z direction and temperature to 293 K (c-rescale
mode as barostat and v-rescale mode as thermostat were used).
The positions of silica net atoms were frozen in the x and y
directions while they were free in the z direction during simu-
lation (which was the direction of applied pressure). The initial
simulation time was equal to 5 ns, which was sufficient for
density equilibration. In the next step, the pore structure filled
with alcohol, without additional space outside the pore (reser-
voir), was cut and set as the starting configuration for the next
production runs. The production runs were done with frozen
silica net atom positions and canonical ensemble (NVT) with
the v-rescale thermostat type and temperature set to 293 K.
The NVT simulation time was equal to 20 ns, which was

This journal is € The Rayal Society of Chemistry 2024
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sufficient for producing a well-equilibrated system. In all simu-
lations, AMBER force field was used, which is accurate for the
silica-organic materials systems.”® The bulk systems of 2Ph1E
and 3Ph1P were simulated with the NPT ensemble in a cubic
box (500 molecules each). The initial structures for bulk simu-
lations were prepared by the Packmol program.™ The maps of
distribution functions were done with the use of the TRAVIS
program™ " for trajectory analysis. Cluster analysis was per-
formed in Gromacs software. The clusters were identified
based on the criterion of the distance between the acceptor
and donor atoms, which must be below 0.35 nm.

To monitor all changes within the examined materials, we per-
formed FTIR measurements to probe their intermolecular
dynamics, where special attention was mainly paid to the
bands assigned to the stretching vibrations of (i) the hydroxy
(OH] groups that are not involved in intermolecular hydrogen
bonds (HBs) (named free OH) (Loy fee ~ 3550 cm™*), (ii)
H-bonded OH units (Lo pongea ~ 3330 em ™), as well as (iii)
the aromatic CH moieties (vey aromarie ~ 3100-3000 cm™), see
Fig. 1. The scope of this article is as follows. At first, we
studied the freshly prepared confined materials in comparison
to the bulk; then, the evaporation experiments were per-
formed; and at the end, experimental results were compared
with the outcome of the molecular dynamics simulations. To
our best knowledge, this study is the first one in the literature
that reveals/confirms the formation of a layer strongly bonded
to the curved surface with properties similar to TAL, which
complements our knowledge about this phenomenon, which

mostly studied in case of thin films*" % or
6669

Results and discussion

was
nanoparticles.

Fig. 1 shows the FTIR spectra collected for both bulk com-
pounds and MAs infiltrated into the native silica mesopores at
room temperature; for comparison, the spectrum of the
‘empty’ native silica membrane is also included. Both MAs,
2Ph1E and 3Ph1P, are characterized by a similar position of
the bands assigned to the stretching vibrations of H-bonded
OH units (ca. 3330 em '), while their widths (the full width at
half maximum, FWHM) are slightly different (FWHM ¢ >
FWHM ;;pn,p; see Fig. $21). This indicates that 2Ph1E exhibits a
slightly higher heterogeneity in the distribution of HB strength
than 3Ph1P.”? Interestingly, only a few differences occurred in
the investigated systems after the incorporation of the exam-
ined PhAs into the silica mesopores (see Fig. $31). We draw
the reader's attention to four of them.

Firstly, a sharp peak at ~3750 cm™' originating from the
stretching  vibration of ‘free’ (non-associated) OH (Si-OH)
groups in the spectrum of an 'empty’ native silica membrane
is not detected in the spectra of confined MAs (grey line in
Fig. 1). This is a clear indication of the effective infiltration of
the studied alcohols.

Furthermore, surprisingly, the vou panded bands of confined
MAs are only slightly blue-shifted (shifted towards higher

1

This journal is © The Royal Society of Chemistry 2024
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wavenumber) relative to the bulk samples, which suggests a
shortening of the OH bond lengths correlated with the weak-
ening of the existing HBs. This fact can result from increased
steric repulsion between alcohol molecules due to their con-
finement. One can also mention that the detected blue-shift
was widely noticed in the case of other confined MAs, ie.,
2-ethyl-1-hexanol, 2-ethyl-1-butanol, and 5-methyl-3-hepta-
nol,”* as well as confined water and its isotopic
derivatives.”* 7 In the latter case, the observed spectral effect
was explained by the formation of weak H-bonding inter-
actions between OH groups (interfacial water molecules) with
the silica oxygen atoms, which exhibit weaker H-bond accept-
ing ability compared to water molecules.”

Thirdly, the constrained systems exhibit a larger FWHM of
their voy pondea bands compared to bulk ones, suggesting a
greater heterogeneity of the environments experienced by the
confined MA molecules. Interestingly, the broadening of these
bands in the analyzed spectra is more pronounced in the
lower wavenumber region. Therefore, at first glance, it may be
assumed that an increase in the vop pondea bandwidth arises
from the presence of OH groups engaged in stronger HBs
under confinement.

Lastly, the confined samples show a higher intensity of the
von ree bands compared to bulk samples, which indicates that
the confinement affects the association process of MAs and
reduces the formation of H-bonded aggregates. It should be
highlighted that the same observations were found in the case
of MAs incorporated within silanized silica mesopores (see
Fig. 84%).

Taking into account the above-mentioned findings, one can
assume that, surprisingly, the differences in the strength and
the population of HBs occurring in bulk and confined MAs are
relatively small despite the application of silica templates
characterized by small pore size of d = 4 nm. Note that the
same behavior was also observed in the case of PhAs within
silica templates of ¢ = 8 nm. We assume that this interesting
behavior might be a result of two scenarios: (i) the mean size
of the nanoaggregates formed by the examined MAs is not
affected by the spatial restriction®™ or (ii) the recorded
signal is dominated by the 'core’ molecules, which are charac-
terized by bulk-like properties.** ™ In this context, one can
recall that previous studies on a series of PhAs diluted in
carbon tetrachloride (CCl,) showed that they form nanoaggre-
gates consisting of 2-3 molecules (independent of their mole-
cular weight).” Tt should be noted that these results agree well
with molecular dynamics computations, supported by X-ray
diffraction, which revealed that PhAs organize into dimeric
and trimeric H-bonded clusters, maintained by additional
weak interactions.”® Thus, it might indicate that the former
scenario is valid. However, as the latter cannot be completely
ignored, we decided to remove the ‘core’ molecules from the
examined confined systems. For this purpose, the studied
porous materials were heated to the chosen temperature (7 =
353-363 K) to evaporate the molecules that are not strongly
interacting with the interface of membranes. Note that in the
case of bulk compounds, the complete evaporation at those

Nanoscale, 2024,16, 6636-6647 | 6639
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temperatures was accomplished in less than one hour (¢ =
40 min; see Fig. S51); thus, the same procedure was applied in
the case of the examined incorporated MAs.

Fig. 2(a) and Fig. S7+ show the FTIR spectra collected
before (¢ = 0 min) and after (£ = 60 min, longer than required
to remove the bulk sample) the evaporation process of 2Ph1E
infiltrated into native silica mesopores. Data for confined
3Ph1P are shown in Fig. S8.f As one can see, a systematic
reduction of the intensity of all bands in the recorded spectra
was detected upon evaporation. However, despite this fact,
FTIR speetra collected after the evaporation revealed the pres-
ence of all three characteristic regions previously observed for
both bulk and confined MAs (before the evaporation);
however, with some differences. This finding might be shown
in a better way in Fig. 3, where we compare all available FTIR
spectra together. Note that data collected after the evaporation
did not exhibit the presence of a sharp peak at ~3750 ecm™’,
characteristic for an ‘empty' native silica membrane, which
clearly shows that molecules of examined alcohols are still
present within the porous materials after the evaporation
(Fig. 3). The same behavior was also observed in the case of
PhAs within silica templates of d = 8 nm, please see Fig. S6.%
Therefore, we assume that all changes observed within the
examined porous materials after evaporation are solely related
to the formation of the interfacial layer strongly bonded to the
pore walls.

View Article Online
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The most significant changes are observed in both oy
bonded AN Loy sree band ranges (Fig. 2(a) and Fig. S71). In the
case of the voy honaea band, one can see a very broad structure
of relatively small amplitude, whereas for the vop gee band,
aside from broadening, a pronounced shift towards higher
wavenumber can be observed as well. Interestingly, the same
changes occurring within the ‘residual' ¢y band were pre-
viously also observed for MAs diluted in CCI, solution™ (those
data are included in Fig. 3). As can be observed, the voy free
bands in both spectra are located in a similar spectral range,
which might imply that there are some non-H-bonded alcohol
molecules present in the confined samples. This observation
agrees with the results presented for water confined in peri-
odic mesoporous (organo)silicas, which showed that in the
adsorbed layer, non-bonded OH groups and van der Waals
water-water interactions may still exist.” In this context, one
can also assume that the observed very broad and blurred voy;
bondea Dand of confined 2Ph1E after evaporation also somehow
resembles the one recorded for dissolved PhAs, which was pre-
viously assigned to the dominant presence of small H-bonded
alcohol aggregates.”® Such complex character of the signal of
evaporated samples provides direct evidence of the existence
of different specific interactions occurring at the silicafalcohol
interface, i.e., O-H---O or O-H-xt HBs.

In the next step, we focused on the rey aromarie bands
(located at 3100-3000 em™"), which were well visible in the

2Ph1E within native silica at 7= 353 K

e £ = ) MM
t=60 min
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{a and c) FTIR spectra before and after the evaporation process of 2Ph1E infiltrated into native silica mesopores (d = 4 nm} att = 0 minand ¢

= 60 min in the (a) 3730-2600 cm ' and (c) 3130-2990 frequency regions. (b and d) Raman spectra of 2Ph1E within native silica nanopores at room

temp after evap:
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ion at T = 353 K in the (b) 3300-2700 cm * and (d) 1700-1500 cm* spectral regions.
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Fig. 3 Comparison of FTIR spectra recorded in the spectral region 3800-2600 cm ™! at T = 297 K of bulk 2Ph1E (a) and 3Ph1P (b), MAs infiltrated
into native silica mesopores of d = 4 nm before and after evaporation, and bulk MAs within 0.1 M solution of CCls. For comparison, in each case, the
FTIR spectrum of an ‘empty’ native silica membrane is also included. Data for the bulk samples measured within 0.1 M solution of CCly were taken
from ref. 70. Data collected for PhAs within silica templates of d = 8 nm are shown in Fig. 56.1

spectra after the annealing process and, interestingly, they
shifted towards higher wavenumbers after evaporation for
both confined MAs (Fig. 2(c) and S7(d)f). This also clearly
proves two issues: (1) there are some molecules of alcohols
present within porous materials after the performed evapor-
ation (of duration longer than required for the bulk sample)
and (2) these molecules have a different conformation from
those observed for the freshly prepared samples due to the
adsorption processes (of physical and/or chemical nature).
Thus, this spectral region might be the fingerprint of the
remaining TAL within the examined mesoporous matrices.

To identify the mechanism of the adsorption processes
occurring at the silica/alcohol interface, i.c., physisorption or
chemisorption, we also performed Raman measurements on
infiltrated 2Ph1E at room temperature (7" = 297 K) before and
after the annealing process. As shown in Fig. 2(b and d), the
positions of the vey somade peaks (the band at 3058 em™)
moved to a higher wavenumber (3063 em ') after evaporation.
Moreover, the change in the band’s subtle structure located at
~1610 em™' (the stretching vibrations of C=C groups) was
also visible (Fig. 2(d)). On the other hand, no new/additional
bands associated with creating a new type of bond, being the
manifestation of the chemisorption process, were observed in
the Raman spectra of infiltrated 2Ph1E after evaporation
(Fig. 89%). These findings clearly indicate structural/confor-
mational changes of MAs occurring in confinement after
annealing. What is more, they are an effect of the adsorption
processes of a physical nature (physical adsorption). In this
context, it can be added that gravimetric studies conducted for
aliphatic alcohols incorporated into MCM-41 mesoporous tem-

This journal is © The Royal Society of Chemistry 2024

plates also indicated that the physisorption process occurs in
confinement.**

It should be highlighted that identical spectral effects were
observed during the evaporation of both alcohols from sila-
nized silica templates (Fig. S7(c, d) and S8(c, d)). Surprisingly,
in the case of silanized systems, the remaining signal in FTIR
spectra originating from MA molecules was still detected after
¢ = 60 min, just like for native templates (Fig. $6(c, d) and S7(c,
d)t). Moreover, the voy yomaic Dands were also shifted for
both MAs incorporated within silanized silica templates after
evaporation. However, the intensity of the analyzed signals was
smaller when compared to that coming from the untreated
templates. For better clarity, a comparison of FTIR spectra for
2Ph1E within silanized membranes of d = 4 nm is presented
in Fig. $10.}

In order to gain deeper insight into the behavior of studied
alcohols in pores, with special emphasis on the molecules
directly interacting with the pore walls, MD simulations were
carried out. Tn Fig. 4(c), the simulated model is shown. The
initial model is composed of an 8§ nm-length silica pore with a
diameter of d = 4 nm and additional reservoirs on both ends
of the pore filled with the studied alcohol. The initial simu-
lation was performed in the NPT at temperature 7 =293 K and
pressure p = 1 bar, which was applied in the z direction (aniso-
tropic) to obtain proper alcohol density inside the pore. As one
can see in Fig. 4(c), after the equilibration, the 2Ph1E alcohol
density in the pore is approximately 30% lower than in the
reservoir outside the pore (0.67 g cm ™ versus 1 g em ), where
there is a typical bulk density. Importantly, this result agrees
very well with the data reported in ref. 89, where it was shown

Nanoscale, 2024, 16, 6636-6647 | 6641
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(a) Density maps of 2Ph1E within pores of d = 4 nm in the xy plane. From left to right, maps for 100%, 75%, 50%, and 25% of the initial

density are presented. (b} Density maps of 3Ph1P within pores of d = 4 nm in the xy plane. From left to right, maps for 100%, 75%, 50%, and 25% of
the initial density are shown. (¢} Silica pore filled with alcohol: model and density map for an equilibrated madel in the xz plane with marked average

density in the different zones.

that the free volume inside pores is higher with respect to the
bulk material. After the initial NPT simulation, the box was
limited to the pore only (without additional molecular reser-
voirs), and NVT production runs with constant volume were
performed. In the last step, the evaporation of alcohol from
the pore was simulated by performing NVT simulations with
reduced alcohol density inside the pore with 75%, 50%, and
25% initial density. This procedure mimics the evaporation
experiment described above. In Fig. 4{a) and (b), one can
observe the xy plane cut through the center of the pore with
the mapped alcohol density. It is clearly seen how the
reduction of the amount of alcohol molecules from 100% to
25% is associated with the formation of an alcohol layer on
the inner surface of the silica pore. Moreover, there are slight
differences between 2Ph1E and 3Ph1P. In the case of 2Ph1E,
the formation of the inner layer is more pronounced than in
the case of 3PhiP (its formation becomes visible at 75% of
initial density). This is caused by the differences in the

6642 | N

H-bond interaction energies between alcohol molecules as well
as between alcohol-silica molecules.

Mareover, the impact of the pore size on the formation of
the alcohol layer at the silica pore interface was checked by
performing additional MD simulations. The simulation was
performed on the silica pore characterized by d = 8 nm filled
with 2Ph1E molecules {see Fig. 5(a)). Tt was found that the
elimination of alcohol molecules from the pore interior led to
the formation of the same alcohol layer as in the case of the
pore with a diameter d = 4 nm. Although the process of layer
formation occurs in both systems, a significant difference in
alcohol density inside different pores was found. In the case of
d = 4 nm, the average alcohol density is equal to 0.67 ¢ em™,
while it is equal to 0.86 g em™ in the case of d = 8 nm (versus
1 g em™ in the bulk system). The formation of the alcohol
laver, as well as a comparison of alcohol density in the xy-
plane for 2Ph1E for both systems filled with molecules at 25%
of initial density, is shown in Fig. S11.7
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{a) Maps of 2Ph1E presenting phenyl ring distance versus dihedral angle between phenyl rings in the pore system, The marked boxes are the

areas of sandwich-type x-stacking interactions, {b) Histogram comparing the formation of clusters in the 2Ph1E alcohol in bulk and in pores with dia-
meters d = 4 nm and d = 8 nm. (c) Model representing interactions at the pore-alcohol interface and the role of HBs and a—n interactions. (d)
Energy of x-stacking interaction between two 2Ph1E molecules calculated in the DFT model.

MD simulations have also been used to obtain HB cluster
distributions for 2Ph1E and 3Ph1P alcohols. In Fig. 5(b), a
comparison of histograms for 2Ph1E in the bulk and pores
with d = 4 nm and d = 8 nm is presented. As one can see, the
alcohol molecules form the strongest clusters in the bulk
system and the weakest in the small pore of @ = 4 nm. The
clustering ability of alcohol molecules in large pores of d =
8 nm diameter is between that in small pores of d = 4 nm and
the bulk system. More distributions of clusters are presented
in Fig. S12.7 Interestingly, the distribution of self-assemblies
formed by alcohol-alcohol interactions in the pores is similar
to the distribution of clusters in a bulk system. However, the
average cluster size is slightly lower in the pores for both alco-
hols. This result is quite consistent with the FTIR data that
indicated a very small change in the position of the voy bonded
band in the pores with respect to the bulk sample. In the case
of 2Ph1E, we have an average cluster size, @, equal to 3.7 mole-

This journal is © The Royal Society of Chemistry 2024

cules in the bulk system and 3.2 molecules within the pores,
which can be related to the 30% lower density. For 3Ph1P, the
situation is similar, where a = 4.5 molecules and a = 3.3 mole-
cules within bulk and pores, respectively. In bulk 3Ph1P,
20.6% of molecules are non-H-bonded (monomers), while in
2Ph1E, there are 14.9% monomers, which means a higher
association degree of 2Ph1E than of 3Ph1P. The next compari-
son is related to all HBs in silica pores (ie., silica-silica,
alcohol-alcohol, and alcohol-silica) with initial and reduced
alcohol density (100% and 50%). 2Ph1E in both density scen-
arios (100% and 50%) has more clusters than 3Ph1P. For an
initial 100% density, there are only 6.9% free OH groups in the
entire 2Ph1E pore system, while this value is 22.2% for 3Ph1P.
However, when we compare HBs existing only in the core
region between alcohol molecules, the percentage of free OH
groups is higher in the pores than in the bulk for both systems
(30% free OH groups in 2Ph1E and 33% in 3Ph1P). This result

Nanoscale, 2024,16, 6636-6647 | 6643
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also agrees with the FTIR data, showing an increase in the vy
fre band intensity for confined samples compared to bulk
samples, thus the existence of a larger amount/number of
monomers under confinement. When the density is reduced
to 50% of the initial value, and we take into account all HBs
(silica-silica, alcohol-aleohol, and silica-alcohol), there are
14% free OH groups in 2Ph1E, while 30% in 3Ph1P. During
the reduction of alcohol density in the pores, the differences
between 2Ph1E and 3Ph1P systems become smaller, which can
indicate that the strength of the silica-alcohol bond and ten-
dency to form layer are similar for both systems, while
alcohol-alcohol HBs are much weaker in 3Ph1P. The same be-
havior was observed for 2Ph1E in the pore with diameter d =
8 nm. There are 10.6% free OH groups in the entire pore
system, while 19.3% free OH groups in the core area (alcohol-
alcohol). The data related to the average densities and
amounts of free OH groups in all studied systems are pre-
sented in Table S1.%

The formation of the layer caused by the physisorption
process is related to the H-bond interactions between hydroxyl
groups from alcohol and silica. Therefore, in the next step, we
performed an analysis of H-bond cluster formation in bulk
alcohols and in pores fully filled with alcohol and after partial
evaporation (50% of density). Moreover, we have used DFT cal-
culations to obtain interaction energies between aleohol mole-
cules and between alcohol and silica. It was found that the
H-bond energy between silica and alcohol is higher than
between two alcohol molecules, but only when the silica group
is a donor and alcohol is an acceptor of the H-bond. The inter-
action energy, Ei,, between two 2Ph1E molecules is equal to
Ein = 42.6 kK] mol™. When SiOH or SiO,H, groups are donors
and alcohol is the acceptor, the interaction energies are equal
to Einesion = 45.3 k] mol™ and Eigsiom, = 502 k] mol ™7,
respectively. Tn the opposite situation, when the alcohol is a
proton donor, and SIOH or SiO,H, are acceptors, the inter-
action energies are equal to FEinsion = 30.5 k] mol™ and
Einsiom, = 32.1 kJ mol™', respectively. This is a clear indi-
cation that from the energetic point of view, the most stable
are connections of alcohol with the pore SiOH and SiO,H,
groups when the alcohol is an acceptor of hydrogen. In the
aromatic alcohols, there are also present =z-stacking
interactions;”! thus, we have caleulated the energies of two
possible n-stacking formations. The first one is a sandwich
type, which is slightly displaced, and the second one is a
T-shape m-stacking. The energy of the sandwich-type inter-
action is equal to Eiy candwich = 26.8 k] mol ™', while the energy
of the T-shape reaches Finrshape = 16.4 K] mol ™. The sand-
wich-type interaction is shown in Fig. 5(d). The energy of sand-
wich m-stacking is two times smaller than the energy of the
H-bond. However, when alcohols are connected by HBs to the
inner layer of silica pores, these interactions can stabilize ener-
getically the layer. This effect was found during molecular
dynamics study, where in simulations mimicking evaporation,
sandwich r-stacking interactions are abundant (see Fig. 5(a)).
Therefore, the stability of the inner layer is greatly enhanced
by the strong HBs with silica and by the additional z-stacking

6644 | Nanoscale, 2024,16, 6636-6647
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interactions of alcohols connected to the silica by HBs. The
visualization of such stable connection of alcohol with silica
surface is presented in Fig. 5(c). It should be noted that this
finding correlates well with the results of FTIR measurements,
ie., these m-stacking interactions occurring between the
studied MAs can be responsible for the shift of the vey aromatic
bands towards higher wavenumbers after evaporation of con-
fined MAs. Hence, as observed from FTIR data and molecular
dynamics simulations, the formation of the interfacial layer
induces and strengthens n-stacking interactions between
alcohols.

IV. Conclusions

In summary, we conducted FTIR measurements for two MAs
infiltrated into native and silanized silica mesopores (d =
4-8 nm) to investigate any differences in the nature of inter-
actions under these conditions (the impact of confinement on
intermolecular interactions). Initially, the spectra of both
systems (bulk vs. confinement) showed only little discrepan-
cies, indicating that the ‘core’ layer of the molecule dominates
in infiltrated MAs. Interestingly, this finding was well sup-
ported by the MD simulations that revealed the small impact
of the nanoscale confinement on the association phenomenon
in both alcohols. To remove the bulk-like fraction (core layer),
we proposed a solvent-free approach depending on the evapor-
ation process. In this way, the layer at the interface was
revealed for the first time in 2D-constrained systems.
Importantly, the obtained ‘residual’ band was characterized by
a new subtle structure compared to that in the bulk and con-
fined MAs. The changes especially observed in the high-fre-
quency region of IR spectra suggested the differences in the
arrangement of both free and associated OH groups. The
source of the observed differences was the formation of a layer
adsorbed on the interface (IAL). It should be noted that these
changes were obtained regardless of the kind/type of silica
templates used (non-treated/treated). What is more, the
Raman spectra of 2Ph1E in native silica mesopores before and
after annealing clearly indicate the formation of IAL due to the
physisorption mechanism, not chemisorption. Importantly,
these suppositions were further confirmed by MD simulations,
which indicated the formation of the interfacial layer (con-
sidered as 1AL due to its resistance to the evaporation process)
attached to the silica pores that is stabilized by the effective
H-bonds and enormously strong m-stacking interactions. In
conclusion, we present a pioneering work with a novel
approach to examining strongly bonded interfacial layers
formed in pores of similar characteristics to IAL investigated
in thin films or silica nanoparticles.

Data and materials availability

The ESIT file is available free of charge at https:/pubs.acs.org.
It contains additional figures and tables, including the sche-
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matic structure of silica mesopore templates, IR spectra of
bulk and infiltrated MAs at room temperature, IR spectra of
bulk MAs before and after evaporation, IR spectra of MAs infil-
trated into native silica pores (d = 4 nm and 8 nm) before and
after annealing, IR spectra of empty silanized silica template, 7
Raman spectra of bulk and 2Ph1E incorporated into nano-
pores before and after annealing at 297 K, distribution of
2Ph1E molecules in xy plane within d = 8 nm nanopore at 8
different levels of initial density, the density of 2Ph1E mole-
cules in the pore for the equilibrating NPT, schematic exist- 9
ence of strongly bonded alcohol layer at the silica interface for
silica mesopores (¢ = 4 and 8 nm) obtained from molecular 10
dynamics calculations, histograms comparing the formation

of clusters in MAs in mesopores with @ = 8 nm with 100% and 1
50% alcohol densities, and a table including average densities

of alcohols, and the amounts of free OH groups in the studied 1
systems.
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mdj udziat polegal na wykonaniu czgéci pomiaréw IR,
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Chorzéw, 10.04.2024

Prof. dr hab. Sebastian Pawlus .
Instytut Fizyki im. Augusta Chelkowskiego
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slgski w Katowicach

ul. 75 Putku Piechoty 1

41-500 Chorzéw

OSWIADCZENIE
O$wiadczam, Ze w pracy:

P1.N. Soszka, B. Hachuta, M. Tarnacka, E. Kaminska, J. Grelska, K. Jurkiewicz, M.,
Geppert-Rybcezynska, R, Wrzalik, K, Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues — the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 -- 23807.

mdj udzial polegat na dyskusji wynikdw, korekeji manuskryptu oraz finansowaniu badan w
ramach projecktu NCN OPUS;

P2.N. Soszka, B. Hachula, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert —
Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic
Monohydroxy Alcohols. Spectrochim. Acta — Part A Mol. Biomol. Spectrosc. 2022,
276, 121235,

M¢j udziat polegat na dyskusji wynikéw, korekeji manuskryptu oraz finansowaniu badaf w
ramach projektu NCN OPUS.
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Chorzéw, 10.04.2024

dr inz. Karolina Jurkiewicz

Instytut Fizyki im. Augusta Chelkowskiego
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slgski w Katowicach

ul. 75 Putku Piechoty 1

41-500 Chorzéw

OSWIADCZENIE
Oswiadczam, Ze w pracy:

P1.N. Soszka, B. Hachula, M. Tarnacka, E. Kamifiska, J. Grelska, K. Jurkiewicz, M.
Geppert-Rybezynska, R, Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues — the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 —23807.

moj udziat polegal na wykonaniu badan dyfrakcyjnych i ich analizie, dyskusji otrzymanych
wynikéw oraz wspottworzeniu manuskryptu;

P2, N. Soszka, B, Hachuta, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert —
Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic
Monohydroxy Alcohels. Spectrochim. Acta — Part A Mol. Biomol. Spectrosc. 2022,
276, 121235.

méj udziat polegat na wykonaniu badan dyfrakcyjnych i ich analizie, dyskusji otrzymanych

wynikow oraz wspéttworzeniu manuskryptu.
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Chorzéw, 10.04.2024

mgr Joanna Grelska

Instytut Fizyki im. Augusta Chetkowskiego
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Putku Piechoty |

41-500 Chorzow

OSWIADCZENIE
Oéwiadezam, ze w pracy:

PI.N. Soszka, B. Hachuta, M. Tarnacka, E. Kaminska, J. Grelska, K. Jurkiewicz, M.
Geppert-Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues — the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 — 23807.

m6j udziat polegal na wykonaniu badan dyfrakcyjnych i ich analizie, dyskusji otrzymanych
wynikéw oraz wspdttworzeniu manuskryptu;

P2.N. Soszka, B. Hachula, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert —
Rybezyniska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic
Monohydroxy Alcohols. Spectrochim. Acta — Part A Mol, Biomol. Spectrosc. 2022,
276, 121238,

mdj udzial polegal na wykonaniu badafi dyfrakcyjnych i ich analizie, dyskusji otrzymanych

wynikOw oraz wspoltworzeniu manuskryptu,
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Chorzow, 10.04.2024

dr Katarzyna Grzybowska, prof. US
Instytut Fizyki im. Augusta Chetkowskiego
Wydzial Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach

ul. 75 Pulku Piechoty 1

41-500 Chorzow

OSWIADCZENIE
Oswiadczam, ze w pracy:

P1.N. Soszka, B. Hachula, M. Tarnacka, E. Kaminiska, J. Grelska, K. Jurkiewicz, M.
Geppert-Rybezyniska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues — the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 — 23807.

moéj udzial polegat na wykonaniu pomiaréw wspéiczynnika zatamania $wiatla oraz dyskusji
otrzymanych wynikow;

P2.N. Soszka, B. Hachula, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert —
Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kamiﬁski,f
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic
Monohydroxy Aleohols. Spectrochim. Acta — Part A Mol. Biomol. Spectrosc. 2022,
276, 121235.

méj udziat polegal na wykonaniu pomiar6w wspotezynnika zalamania $wiatla oraz dyskusji
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otrzymanych wynikéw.
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Chorzéw, 10.04.2024

dr hab. Ewa Ozimina-Kamiska, prof. SUM
Katedra i Zaklad Farmakognozji i Fitochemii
Wydzial Nauk Farmaceutycznych w Sosnowcu

Slgskiego Uniwersytetu Medycznego w Katowicach
ul. Jagiellonska 4
41-200 Sosnowiec

OSWIADCZENIE
Oswiadczam, 2e w pracy:
N. Soszka, B. Hachula, M. Tarnacka, E. Kaminska, J. Grelska, K. Jurkiewicz, M.
Geppert-Rybezynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kaminski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol

Homologues - the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 — 23807.

moj wklad polegat na wykonaniu badan dielektrycznych oraz dyskusji otrzymanych wynikéw.
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Chorzéw, 10.04.2024
Prof. dr hab. Marian Paluch
Instytut Fizyki im, Augusta Chetkowskiego
Wydziat Nauk Scistych i Technicznych
Uniwersytet Slaski w Katowicach
ul. 75 Putku Piechoty 1
41-500 Chorzéw

OSWIADCZENIE
Os$wiadczam, ze w pracy:

P1.N. Soszka, B. Hachuta, M. Tarnacka, E. Kaminska, J. Grelska, K. Jurkiewicz, M.
Geppert-Rybczynska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K. Kamiriski,
The Impact of the Length of Alkyl Chain on the Behavior of Benzyl Alcohol
Homologues - the Interplay between Dispersive and Hydrogen Bond Interactions.
Phys. Chem. Chem. Phys. 2021, 23 (41), 23796 — 23807.

moj udziat polegat na udziale w dyskusji wynikéw;

P2.N. Soszka, B. Hachuta, M. Tarnacka, J. Grelska, K. Jurkiewicz, M. Geppert -
Rybezyfiska, R. Wrzalik, K. Grzybowska, S. Pawlus, M. Paluch, K, Kaminski,
Aromaticity Effect on Supramolecular Aggregation. Aromatic vs. Cyclic

Monohydroxy Alcohols. Spectrochim. Acta — Part A Mol. Biomol. Spectrosc. 2022,
276, 121235.

méj udziat polegat na udziale w dyskusji wynikéw;
P3.N. Soszka, M. Tarnacka, B. Hachuta, P. Wiodarezyk, R. Wrzalik, M. Hreczka, M.
Paluch, K. Kamifiski, The Existance of Strongly Bonded Layer in Associating Liquids

within Silica Pores — the Spectral and Molecular Dynamics Study. Nanoscale, 2024, 16,
6636-6647

méj udziat polegal na udziale w dyskusji wynikéw,
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Chorzéw, 10.04.2024

dr Krystian Prusik

Instytut InZynierii Materialowej
Wydziat Nauk Scistych i Technicznych
Uniwersytet $lqski w Katowicach

ul. 75 Putku Piechoty 1A

41-500 Chorzéw

OSWIADCZENIE
Oswiadczam, Ze w pracy:

PI.N. Soszka, M. Tarnacka, B. Hachuta, M. Geppert — Rybczynska, K. Prusik, K.
Kaminski, The Impact of Interface Modification on the Behavior of Phenyl
Alcohols  within  Silica Templates. J  Phys. Chem. C, 2024 (doi:
10.1021/acs.jpce.3¢08084)

moj wklad polegat na wykonaniu badan mikroskopowych i analizie otrzymanych wynikéw.
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Chorzow, 10.04.2024

dr Patryk Wiodarczyk
Instytut Metali Niczelaznych
Sie¢ Badaweza Eukasiewicz
ul. Sowinskiego 5

44-100 Gliwice

OSWIADCZENIE
O$wiadczam, 7e w pracy:
N. Soszka, M. Tarnacka, B. Hachula, P. Wiodarczyk, R. Wrzalik, M. Hreczka, M. Paluch,
K. Kaminski, The Existance of Strongly Bonded Layer in Associating Liquids within Silica
Pores — the Spectral and Molecular Dynamics Study. Nanoscale, 2024, 16, 6636-6647
Méj wkiad polegat na wykonaniu symulacji dynamiki molekularnej i analizie wynikoéw oraz

wspoltworzeniu manuskryptu.

A wae o/l

111




mgr Marek Hreczka

Instytut Metali Niezelaznych
Sie¢ Badawcza Fukasiewicz
ul. Sowinskiego 5

44-100 Gliwice

Katedra Mechatroniki
Wydzial Elektryczny
Politechnika Slaska
ul. Akademicka 10A
44-100 Gliwice

Oswiadczam, ze w pracy:

Chorzow, 10.04.2024

OSWIADCZENIE

N. Soszka, M. Tamacka, B. Hachula, P. Wilodarczyk, R. Wrzalik, M. Hreczka, M.
Paluch, K. Kaminski, The Existance of Strongly Bonded Layer in Associating Liquids

within Silica Pores — the Spectral and Molecular Dynamics Study. Naroscale, 2024, 16,

6636-6647

M6j wklad polegal na wykonaniu symulacji dynamiki molekularnej i analizie wynikow.
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