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Streszczenie

Nanostruktury supramolekularne sg obserwowane w wielu fazach niekrystalicznych, szktach
1 cieczach, gdzie molekuly oddziatluja ze sobg poprzez stabe wigzania migdzyczasteczkowe 1 asocjuja
w klastry o r6znej wielkosci 1 architekturze. Ze wzgledu na zachodzenie procesu asocjacji molekut w
wielu biologicznie istotnych uktadach takich jak polisacharydy, polimery, biatka tworzace DNA, jest
to przedmiot szeroko prowadzonych badan. W ramach przygotowanej pracy doktorskiej badane byly
modelowe zwigzki asocjujace poprzez wigzanie wodorowe — alkohole monohydroksylowe, roznigce
si¢ dtlugoscig tancucha alkilowego, rodzajem pierscienia weglowego lub umiejscowieniem grupy
hydroksylowej. Gléwng metoda badania struktury supramolekularnej tych uktadow w stanie ciektym
byta dyfrakcja rentgenowska w szerokim zakresie katow rozpraszania. Otrzymane dane dyfrakcyjne
byly analizowane w postaci czynnika struktury oraz funkcji rozktadu par atomoéw. Dodatkowo
wykonano symulacje metodg dynamiki molekularnej w celu znalezienia modeli cieczy asocjujacych.
Wyboér odpowiedniego pola sitowego umozliwit otrzymanie uktadow, dla ktorych obliczone dane
dyfrakcyjne wykazaty bardzo dobra zgodno$¢ z wynikami doswiadczalnymi. Teoretyczne modele
dostarczyly wielu informacji o strukturze badanych alkoholi, niemozliwych do otrzymania na
podstawie danych eksperymentalnych, takich jak czastkowe funkcje rozktadu par atomow, dystrybucje
wielkos$ci klastrow supramolekularnych czy czasy zycia wigzan wodorowych. Pokazano, ze stopien
asocjacji 1 preferowany typ tworzonych klastrow w izomerach alkoholi jest Scisle zwigzany z
potozeniem grupy hydroksylowej w molekule. W poroéwnaniu z prostymi czasteczkami alkoholi, w
przypadku molekut z pierscieniem weglowym zdolnos$¢ do tworzenia klastrow zwigzanych wodorowo
jest ograniczona. Co wigcej, wykazano, ze aromatyczno$¢ pierScienia w molekule powoduje
wystapienie dodatkowych oddzialywan miedzyczasteczkowych i wzrost heterogenicznos$ci struktury.
Waznym punktem byto opracowanie charakterystyki procesu asocjacji molekut w ré6znych warunkach
termodynamicznych. W celu eksperymentalnego zbadania struktury cieczy pod wysokim cisnieniem
wykonano synchrotronowe badania dyfrakcyjne w kowadtach diamentowych. Uzyskano unikalne
dane dyfrakcyjne, ktore zinterpretowane wraz z wynikami symulacji ujawnily propagacje agregacji
poprzez wigzania wodorowe pod wysokim cisnieniem. Ponadto, ich zestawienie z wynikami efektu
zmian temperatury pokazato odmienny wptyw energii kinetycznej molekutl oraz globalnej gestosci na
proces asocjacji. Wyniki omawianych badan zawarte zostaly w czterech publikacjach naukowych
bedacych podstawa pracy doktorskiej. Prezentowane badania sg istotnym krokiem w celu lepszego

zrozumienia powszechnego w przyrodzie procesu agregacji molekut poprzez wigzania wodorowe.



L. Wstep

A. Motywacja
Ciecze asocjujace to substancje, ktorych molekuty na skutek wzajemnych stabych oddziatywan
elektrostatycznych agreguja tworzac wigksze struktury zwane klastrami. Istnieje wiele réznych
asocjujacych uktadow molekularnych w przyrodzie, bedacych waznymi budulcami natury oraz
czlowieka. Przykladami sg biatka tworzace tancuch DNA, czasteczki cukrow czy woda [1-6].
Do celéw doktadnych badan procesu asocjacji pozadany jest uktad modelowy, gdzie molekutly nie
sg ztozone z wielu atomow (jak biatka), ale posiadajacy duzo mozliwos$ci wariacji potozenia grupy
hydroksylowe] odpowiedzialnej za oddzialywania wodorowe (co nie jest mozliwe np. w
przypadku wody). Wazne jest roéwniez, aby w molekule nie wystgpowaly wigzania
wewnatrzczasteczkowe, ktoére moglyby utrudnia¢ interpretacje struktur tworzonych przez
oddziatywania migdzyczasteczkowe. Modelowym uktadem do badania procesu asocjacji sa

alkohole monohydroksylowe.

Alkohole monohydroksylowe posiadajag pojedyncza grupe hydroksylowg w molekule. Grupa
hydroksylowa jest zroédtem silnego miedzyczasteczkowego wigzania wodorowego taczacego
molekuty w wigksze agregaty supramolekularne [7—10]. Molekuta najprostszych alkoholi sktada
si¢ oprocz tego z atomow wegla 1 wodoru, jednak moze mie¢ rézne rozmiary, ksztalty i pozycje
atomoéw w czasteczce. Alkohole monohydroksylowe mozna poréwnywaé¢ miedzy innymi ze
wzgledu na dlugo$¢ tancucha weglowego, obecno$¢ 1 rozmieszczenie grup funkcyjnych (np.
pierscienia aromatycznego), oraz rozmieszczenie grupy hydroksylowej. Tak szeroki wybor
prostych uktadow, ktdére jednoczesnie posiadajg mozliwos¢ réznych modyfikacji czyni alkohole
monohydroksylowe idealnymi kandydatami do poznania wplywu struktury molekularnej na

wlasciwosci asocjatow 1 spajajacych je wigzan wodorowych.

Szczegdlnie istotne jest poznanie zachowania asocjacji supramolekularnej w réznych warunkach
termodynamicznych. Przede wszystkim brakuje wiedzy na temat struktury cieczy asocjujgcych w
warunkach wysokiego cisnienia. Zaletg badania alkoholi jest to, ze w wielu przypadkach pozostaja
cieczami — ze wzgledu na tendencje do przechtodzenia do stanu szklistego — w szerokim zakresie
temperatur oraz cis$nien, co pozwala na obserwacje ewolucji procesu asocjacji w fazie ciekle;j.
Badania izotermiczne w funkcji ci$nienia sg bardzo cenne, poniewaz dostarczaja informacji

zaleznych jedynie od zmian gestosci uktadu, podczas gdy energia kinetyczna molekul pozostaje



niezmieniona — inaczej niz w przypadku izobarycznych badan temperaturowych. Dyfrakcyjne
badania ci$nieniowe s3 jednak niezwykle wymagajace w przypadku alkoholi, ktore jako
organiczne ciecze stabo rozpraszaja promieniowanie rentgenowskie. Dlatego, obecnie takie
eksperymenty moga by¢ prowadzone jedynie w osrodkach synchrotronowych, gdzie stosuje si¢

intensywng wigzke promieniowania X [11-13].

Obecna wiedza na temat procesu asocjacji alkoholi opiera si¢ gldwnie na wynikach otrzymanych
metodami spektroskopowymi. Badania spektroskopii dielektrycznej dostarczytly informacji na
temat relaksacji strukturalnej zwigzanej z ruchem molekutly, oraz relaksacji Debye’a, ktora
zwigzana jest z ruchem supramolekularnych struktur tancuchowych potaczonych poprzez
wigzania wodorowe [14,15]. Metoda spektroskopii w podczerwieni pozwolita na uzyskanie wielu
informacji na temat stopnia asocjacji molekut w ukladzie, a takze sily wigzan
wodorowych [16,17]. Dotychczasowe badania, w niewielkim jednak stopniu scharakteryzowaty
architekturg¢ oraz dystrybucje zasocjowanych molekul. W tym kontek$cie, ze wzgledu na
szczegb6lny, maty rozmiar zakresu korelacji strukturalnych i klastrow supramolekularnych,
wynoszacy okoto 1 — 5 nm, dyfrakcja rentgenowska w zakresie szerokokatowym jest technika,
bedacg w stanie przyblizy¢ strukture tego typu uktadow. Dopelnieniem charakterystyki sg
symulacje dynamiki molekularnej dostarczajace bezposrednich informacji na temat uktadu
molekut. Potgczenie wynikow z symulacji zweryfikowane przez eksperyment pozwala na

poprawne opisanie modeli asocjacji molekut.

Dotychczas pokazano, ze proces Debye’a przyjmuje rozne nat¢zenia dla uktadow, w zalezno$ci
od pozycji grupy hydroksylowej w czasteczce [18]. Sugeruje to wystgpowanie roéznych,
dominujacych typéw klastrow w uktadzie. Badania alkoholi z pierscieniem weglowym pokazuja
przekrywanie si¢ procesow strukturalnego i Debye’a co ogranicza wycigganie wnioskow lub moze
nawet prowadzi¢ do btednych wnioskéw na temat agregacji w tych uktadach [19,20]. Z kolei w
przypadku obserwacji widm podczerwonych, w alkoholach fenylowych widoczne jest dodatkowe
pasmo od niezasocjowanych wodorowo molekut [14], co jednak nie daje informacji na temat tego
czy w uktadzie tworzy si¢ inna konkurencyjna agregacja. Badania spektroskopii dielektrycznej
pod cisnieniem wykazaty wyrazne zmiany natezenia procesu Debye’a w uktadach prostych

alkoholi [21,22]. Sugeruje to zachodzenie zmian dynamiki klastrow molekul, bedacych efektem



reorganizacji struktury. Jednak szczegotowy opis tego procesu wymaga dalszych badan

opierajacych si¢ na poznaniu struktury uktadéw asocjujacych.

B. Dokonania naukowe

W pracy doktorskiej poruszytam nastepujace problemy badawcze:

- jaki wplyw ma struktura czgsteczki: dlugo$¢ tancucha alkilowego, lokalizacja grupy
hydroksylowej, zawada steryczna w postaci pierscienia weglowego, aromatyczno$¢ pierscienia,
na proces asocjacji molekut wybranych etanoli, butanoli i heksanoli, i morfologi¢ klastrow

supramolekularnych, a takze czas zycia wigzan wodorowych;

- jakie sg roznice w uporzadkowaniu supramolekularnym oraz wystepowaniu w ukladzie
asocjatow zwigzanych wigzaniami wodorowymi a tworzonym przy udziale innych oddziatywan

miedzyczasteczkowych;

- jaki wplyw majg warunki termodynamiczne (temperatura, ci$nienie) na morfologie, architekture,

stopien uporzadkowania, ilo$¢ i stabilno$¢ asocjatow molekularnych;

- jaki wptyw ma wysokie ci$nienie na konformacje molekul badanych uktadéw i, w rezultacie, na

strukture klastrow supramolekularnych.

Wyniki przedstawione w rozprawie zostaly opublikowane w nastgpujacych artykutach z listy

filadelfijskie;:

P1. Grelska, J., Jurkiewicz, K., Burian, A., & Pawlus, S. (2022). Supramolecular Structure of
Phenyl Derivatives of Butanol Isomers. The Journal of Physical Chemistry B, 126(19), 3563

P2. Grelska, J., Jurkiewicz, K., Nowok, A., & Pawlus, S. (2023). Computer simulations as an
effective way to distinguish supramolecular nanostructure in cyclic and phenyl alcohols. Physical

Review E, 108(2), 024603

P3. Grelska, J. (2024). Comment on “Universal features in the lifetime distribution of clusters in
hydrogen-bonding liquids” by I. Juki¢, M. Pozar, B. Lovrin¢evi¢ and A. Perera, Phys. Chem.
Chem. Phys., 2021, 23, 19537. Physical Chemistry Chemical Physics, 26(6), 5713



P4. Grelska, J., Temleitner, L., Park, C., Jurkiewicz, K., & Pawlus, S. (2024). High-Pressure and
Temperature Effects on the Clustering Ability of Monohydroxy Alcohols. The Journal of Physical
Chemistry Letters, 15,3118

Ponadto, jestem wspotautorkg publikacji powigzanych z tematyka pracy doktorskiej, gdzie
stosowano kombinacj¢ roznych metod eksperymentalnych — spektroskopii dielektryczne;,
spektroskopii podczerwonej, dyfrakcji rentgenowskiej oraz metod komputerowych — symulacji
dynamiki molekularnej oraz modelowania teorig funkcjonatu gestosci, w celu poznania struktury
oraz dynamiki procesu asocjacji zwigzkéw alkoholi i ich pochodnych. W tych artykutach moj
wklad polegat na wykonaniu pomiaréw dyfrakcji rentgenowskiej w warunkach pokojowych,
temperaturowych, a takze synchrotronowych badan pod ci$nieniem oraz przeprowadzeniu

symulacji dynamiki molekularne;j:

R1. Hachula, B., Grelska, J., Soszka, N., Jurkiewicz, K., Nowok, A., Szeremeta, A. Z., Pawlus,
S., Paluch, M., & Kaminski, K. (2022). Systematic studies on the dynamics, intermolecular
interactions and local structure in the alkyl and phenyl substituted butanol isomers. Journal of

Molecular Liquids, 346, 117098

R2. Nowok, A., Dulski, M., Grelska, J., Szeremeta, A. Z., Jurkiewicz, K., Grzybowska, K.,
Musial, M., & Pawlus, S. (2021). Phenyl Ring: A Steric Hindrance or a Source of Different
Hydrogen Bonding Patterns in Self-Organizing Systems? The Journal of Physical Chemistry
Letters, 12(8), 2142

R3. Hachula, B., Wlodarczyk, P., Jurkiewicz, K., Grelska, J., Scelta, D., Fanetti, S., Paluch, M.,
Pawlus, S., & Kaminski, K. (2023). Pressure-Induced Aggregation of Associating Liquids as a

Driving Force Enhancing Hydrogen Bond Cooperativity. The Journal of Physical Chemistry
Letters, 15(1), 127

R4. Lucak, K., Szeremeta, A., Wrzalik, R., Grelska, J., Jurkiewicz, K., Soszka, N., Hachula, B.,
Kramarczyk, D., Grzybowska, K., Yao, B., Kaminski, K., & Pawlus, S. (2023). Experimental and
Computational Approach to Studying Supramolecular Structures in Propanol and Its Halogen

Derivatives. The Journal of Physical Chemistry B, 127(42), 9102

R5. Soszka, N., Hachula, B., Tarnacka, M., Grelska, J., Jurkiewicz, K., Geppert-Rybczynska, M.,
Wrzalik, R., Grzybowska, K., Pawlus, S., Paluch, M., & Kaminski, K. (2022). Aromaticity Effect

8



on Supramolecular Aggregation. Aromatic vs. Cyclic Monohydroxy Alcohols. Spectrochimica

Acta Part A: Molecular and Biomolecular Spectroscopy, 276, 121235

R6. Nowok, A., Dulski, M., Jurkiewicz, K., Grelska, J., Szeremeta, A. Z., Grzybowska, K., &
Pawlus, S. (2021). Molecular stiffness and aromatic ring position— Crucial structural factors in the

self-assembly processes of phenyl alcohols. Journal of Molecular Liquids, 335, 116426

R7. Soszka, N., Hachula, B., Tarnacka, M., Kaminska, E., Grelska, J., Jurkiewicz, K., Geppert-
Rybczynska, M., Wrzalik, R., Grzybowska, K., Pawlus, S., Paluch, M., & Kaminski, K. (2021).
The impact of the length of alkyl chain on the behavior of benzyl alcohol homologues — the
interplay between dispersive and hydrogen bond interactions. Physical Chemistry Chemical

Physics, 23(41), 23796

R8. Jurkiewicz, K., Kolodziej, S., Hachula, B., Grzybowska, K., Musial, M., Grelska, J., Bielas,
R., Talik, A., Pawlus, S., Kaminski, K., & Paluch, M. (2020). Interplay between structural static
and dynamical parameters as a key factor to understand peculiar behaviour of associated liquids.

Journal of Molecular Liquids, 319, 114084

R9. Nowok, A., Jurkiewicz, K., Dulski, M., Hellwig, H., Malecki, J. G., Grzybowska, K.,
Grelska, J., & Pawlus, S. (2021). Influence of molecular geometry on the formation, architecture
and dynamics of H-bonded supramolecular associates in 1-phenyl alcohols. Journal of Molecular

Liquids, 326, 115349
Rezultaty moich badan zaprezentowatam na mig¢dzynarodowych konferencjach naukowych:

o Opportunities for Advancement for Studies of Matter at Extreme Condition, Lemont, USA
(07-09/11/2023), prezentacja plakatu: Molecular clustering in alcohols under high-pressure
and temperature conditions

e 9th International Discussion Meeting on Relaxations in Complex Systems (IDMRCS),
Chiba, Japonia (12-18/08/2023), wystapienie ustne na zaproszenie: Comprehensive studies
on molecular self-aggregation in alcohols

e [5th International School and Symposium on Synchrotron Radiation in Natural Science
(ISSRNS), Przegorzaly, Polska (22-25/08/2022), wystapienie ustne: Structure of alcohols

under high pressure



e The European Physical Society (EPS) Forum, Paryz, Francja (02-04/06/2022), prezentacja
plakatu: Predicting properties of self-associating liquids under high-pressure

o Young Multis — Multiscale Phenomena in Condensed Matter Conference for young
researchers, online (05-07/07/2021), wystapienie ustne: The supramolecular structure of

associating alcohols

Badania, ktorych wyniki zawarte sa3 w pracy doktorskiej byly finansowane w ramach projektu
Narodowego Centrum Nauki OPUS Wysokocisnieniowe badania spektroskopowe i dyfrakcyjne
jako klucz do zrozumienia osobliwego zachowania asocjujgcych cieczy z wigzaniami wodorowymi
i oddziatywaniami van der Waalsa (no. UMO-2019/35/B/ST3/02670). Badania synchrotronowe
byly przeprowadzane w osrodkach badawczych: Europejskim Centrum Synchrotronowym (ESRF)
we Francji oraz Advanced Photon Source (APS), Argonne National Laboratory, w USA.
W ramach prowadzenia badan do pracy odbytam staze naukowe w grupach badawczych: High
Pressure Collaborative Access Team (HPCAT) w Argonne National Laboratry, USA, oraz Liquid
Structure Research Group w Wigner Research Centre for Physics, Wegry.

C. Badane substancje
Badane substancje to alkohole monohydroksylowe, posiadajace pojedyncza grupe hydroksylowa
w molekule, réznigce si¢ jej potozeniem w tancuchu weglowym, a takze innymi réznicami w

budowie czasteczki. W pracy skupiono si¢ na nastepujacych grupach alkoholi:

e izomerach butanoli (n-butanol, isobutanol, sec-butanol, tert-butanol), czyli molekut o tym
samym sktadzie chemicznym, ale r6Znym przestrzennym rozmieszczeniu atoméow,

e fenylowych pochodnych butanoli, izomerach (4-phenyl-1-butanol, 2-methyl-3-phenyl-1-
propanol, 4-phenyl-2-butanol, 2-methyl-1-phenyl-2-propanol) posiadajacych w budowie
aromatyczny pierscien fenylowy,

e fenylowych pochodnych etanolu, izomerach (1-phenylethanol, 2-phenylethanol)
roznigcych sie pozycja grupy hydroksylowej — blisko pierscienia i na koncu tancucha
weglowego,

e cyklicznych odpowiednikach pochodnych etanolu, izomerach (1-cyclohexylethanol, 2-

cyclohexylethanol) posiadajacych w budowie alifatyczny pierscien cykliczny,
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e heksanolach (2-ethyl-1-hexanol, 2-methyl-3-hexanol) posiadajacych dtuzsze tancuchy
weglowe, rdznigcych sie pozycja grupy hydroksylowej — w srodku molekuty 1 na koncu

tancucha weglowego.

Struktury czasteczek wszystkich badanych alkoholi zostaty przedstawione na Rys. 1. Nazwy

zwiagzkow alkoholi sg podane w jezyku angielskim, tak jak w publikacjach naukowych.

n-butanol tert-butanol

2-methyl-3-phenyl-1-propanol

4-phenyl-2-butanol 2-methyl-1-phenyl-2-propanol

1-cyclohexylethanol 2-cyclohexylethanol 1-phenylethanol 2-phenylethanol

2-ethyl-1-hexanol 2-methyl-3-hexanol

Rys. 1. Modele czasteczek badanych alkoholi monohydroksylowych.
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11:2090218651



D. Metody eksperymentalne
Glownag metoda eksperymentalng zastosowang do badania struktury substancji na poziomie
atomowym byla szerokokatowa dyfrakcja rentgenowska. Do pomiardw wykorzystano
laboratoryjny dyfraktometr rentgenowski wyposazony w srebrng rotujaca anodg¢ oraz
dwuwymiarowy detektor, przedstawiony na Rys. 2. Dlugo$¢ monochromatyzowanego
promieniowania padajacego na probke wynosita 0.5608 A, co w polaczeniu z zastosowana
geometrig, pozwolito na zebranie danych w szerokim zakresie wektorow rozpraszania, okoto 0.2
—20 A’'. Zakres niskich katow rozpraszania dostarczat waznych informacji o obecnosci i cechach
maksimow dyfrakcyjnych zwigzanych z wystepowaniem w strukturze badanych alkoholi
uporzadkowania $redniego zasiegu. Natomiast zakres szerokich katow rozpraszania byt istotny do
otrzymania funkcji rozktadu par atomoéw o dobrej rozdzielczosci. Pomiary probek wykonywano
w szklanych kapilarach. Przystawka temperaturowa dawata mozliwos¢ pomiaréw w zakresie -100
— 200°C. Przyktad zebranego obrazu dyfrakcyjnego jest pokazany na Rys. 3. Dane z postaci
dwuwymiarowego dyfraktogramu byty nastepnie catkowane do postaci jednowymiarowej funkcji
natezenia, oraz, po korekcji i normalizacji, przeksztalcane do postaci czynnika struktury w
przestrzeni odwrotnej oraz funkcji rozktadu par w przestrzeni rzeczywistej za pomocg ponizej

zaprezentowanych réwnan.

Rys. 2. Dyfraktometr Rigaku-Denki D/MAX RAPID II-R (Instytut Fizyki, Uniwersytet Slaski w

Katowicach) wraz z prezentacja probki mierzonej w kapilarze.

12

12:1669228200



Rys. 3. Dwuwymiarowy obraz dyfrakcyjny (isobutanol) otrzymany za pomoca laboratoryjnego

dyfraktometru.

Teoria rozpraszania promieniowania X na periodycznym uktadzie atomow opiera si¢ na prawie

Bragga:

A

d=— (1)

"~ 2sin@’
gdzie odlegtos¢ migdzyptaszczyznowa d mozna obliczy¢ znajac potowe kata rozpraszania 6, przy
ktérym obserwuje si¢ maksimum dyfrakcyjne, oraz dtugos$¢ fali promieniowania padajacego A.

Do przedstawienia danych dyfrakcyjnych stosuje si¢ skale wektora rozpraszania @

uniezaleznionego od dtugosci fali uzywanej w eksperymencie:

__4msing

Q =1t 2)

Rozwiazujac strukturg cieczy i szkiet nalezy mie¢ na uwadze, ze nie posiadaja periodycznej
struktury krysztalu. Natezenie promieniowania rozproszonego 1(Q) przez dowolny izotropowy

uktad N atomo6w opisuje rownanie Debye’a [23]:

10Q) = IV, SV, fif, ). (3)

Qryj
gdzie f;, f; to atomowe wspolczynniki rozpraszania atomow, ktore znajdujg si¢ w odlegtosci ;.

W celu unormowania natgzenia przypadajacego na jeden atom, zaktadajac koncentracj¢ rodzaju

atomu Xx, 1 liczbe wszystkich rodzajow atomow w uktadzie m, definiuje si¢ czynnik struktury

5(Q):

1(Q)-Xh-1xaf2(Q)
S(0) = . 4
@ (S % fu (@) @)
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Z drugiej strony, mozna zdefiniowa¢ parcjalng funkcje rozktadu par atomow g,z(r), ktdra jest
okreslana na podstawie stosunku gestosci atomow roznych rodzajow p,p(r) w odlegtosci r od

dowolnie wybranego uktadu odniesienia, do $redniej gestosci atomowej substancji py:

ap(m)
Jap(r) = =L, 5)

Wtedy, parcjalny czynnik struktury S,z(Q) mozna zdefiniowa¢ jako sinusowa transformate

Fouriera funkcji rozktadu par:
Sep(Q) = T2 [ 7(gap(r) — 1)sin (Qr) dr. (©)

Calkowity czynnik struktury to kombinacja liniowa czynnikow parcjalnych:

XaXpfa(Q)f p(Q)Sap (Q)
(Zanz 1xafa(Q))2

S(Q) = Xa=1 Zgl=1 (7)

Zmierzone w eksperymencie natezenie I(Q) moze by¢ wigc przeliczone do postaci czynnika
struktury za pomocg rownania (4) przy uwzglednieniu poprawek na absorpcjg¢, polaryzacje oraz
efekt Comptona. Obrazy dyfrakcyjne cieczy asocjujacych, do ktérych nalezg badane alkohole
monohydroksylowe maja cechy, ktore kwalifikuja tego typu zwiazki jako posiadajace strukture
pomiedzy nieuporzadkowang (amorficzng) a uporzadkowang (krystaliczng), Rys. 4.

1 L ' 1
ciecz .
amorficzna -

1
ciecz

asocjujaca o

/(Q) [a, u]

:I .
QA"

Rys. 4. Dyfraktogramy rentgenowskie (eksperymentalne natgzenia) substancji o réznym typie

struktury atomowe;j: ciecz amorficzna (cyclohexane, 293 K), ciecz asocjujaca (tert-butanol 293 K),

krysztat (tert-butanol, 143 K).

Dyfraktogram krysztatu wykazuje waskie piki braggowskie, ktdre reprezentuja promieniowanie
rozproszone na rodzinach ptaszczyzn krystalograficznych. Dyfraktogram cieczy amorficznej

charakteryzuje si¢ jednym szerokim ,,halo”, ktore pojawia si¢ w wyniku korelacji strukturalnych
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w zakresie bliskiego zasiggu i jego potozenie odzwierciedla srednie najblizsze odlegtosci miedzy
czasteczkami. Natomiast typowy dyfraktogram alkoholu monohydroksylowego charakteryzuje si¢
wystepowaniem dodatkowego maksimum dyfrakcyjnego w zakresie mniejszych wektorow
rozpraszania niz gtowne halo. Z tego wzgledu okresla si¢ go mianem ,,prepiku” (ang. ,,prepeak”™).
Jego polozenie odzwierciedla periodycznosci korelacji strukturalnych w zakresie S$redniego
zasiegu. Korzystajac z roéwnan (1) i (2) otrzymujemy zaleznos¢ d = 2m/Q, ktora okresla relacje
migdzy pozycjami maksimum Q w przestrzeni odwrotnej a rzeczywistymi periodyczno$ciami d w
uktadzie. W badanych alkoholach pozycja prepiku okoto 0.5 — 0.9 A oznacza wystepowanie
powtarzajacych sie odlegtosci w przestrzeni rzeczywistej wynoszacych okolo 7 — 13 A
przepisywanym S$rednim odleglosciom pomiedzy klastrami molekut zwigzanych wigzaniami

wodorowymi.

Wigkszo§¢ badanych alkoholi podczas przechlodzenia nie krystalizuje, a przechodzi do fazy
szklistej znacznie ponizej temperatury zamarzania wody. W pracy doktorskiej badano substancje
w szerokim zakresie temperatur — pomigdzy temperaturami przej$cia szklistego a wrzenia.
Badania dyfrakcyjne w warunkach wysokiego ci$nienia (do okoto 3 GPa), si¢gajacego cisnienia
zeszklenia, nie byly mozliwe do wykonania na laboratoryjnym dyfraktometrze. Pomiary te
wykonano w os$rodku synchrotronowym, ktory dysponuje znacznie wyzszym natezeniem
promieniowania X (Rys. 5.), a takze mozliwoscig zamontowania uktadu kowadet diamentowych

stuzacych do wytworzenia wysokiego ci$nienia na prébee (Rys. 6.).

Rys. 5. Linia pomiarowa 16-BM-D w Argonne National Laboratory, USA.
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Eksperymenty wysokocisnieniowe wymagaly precyzyjnego umieszczenia ciekltej substancji
pomiedzy diamentowymi kowadtami, a takze dobrania odpowiedniej energii promieniowania, tak
aby nie wywota¢ zniszczenia radiacyjnego probki, a przy tym mierzony zakres katow rozpraszania
byl dostatecznie szeroki. Wymagajaca byla roéwniez redukcja i1 korekcja otrzymanych
dyfraktogramow, ktore zawieraly znaczacy wkiad tta wynikajacego z silnego rozpraszania
promieniowania przez kowadta diamentowe (Rys. 7.). Po korekcji tta dane dyfrakcyjne zostaty

unormowane do postaci czynnika struktury za pomocg oprogramowania Amorpheus [24].

Rys. 6. Uktad diamentowych kowadel widziany réwnolegle (po lewej), 1 prostopadle (po prawej)
do padajacej wiazki promieniowania. Probka nakladana jest na $rodek powierzchni diamentu

(rysunek po prawej).

600 -

400

sample
—— background

— sample - background

Q)

200

0 " 1 " 1 " 1 " 1

QAT

Rys. 7. Poréwnanie dyfraktogramow alkoholu (2-ethyl-1-hexanol, 1 GPa, 293 K) zmierzonego w
kowadtach diamentowych i zawierajagcego wktad od tta (sample), tta czyli pustych kowadet

diamentowych (background), oraz alkoholu po odjeciu tla (sample — background).
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E. Symulacje komputerowe
Modele struktury otrzymane w wyniku przeprowadzenia symulacji komputerowych moga
dostarczy¢ wielu informacji o budowie w skali atomowej, trudnych lub niemozliwych do
pozyskania z wynikow eksperymentow dyfrakcyjnych. W ramach niniejszej pracy
przeprowadzono symulacje badanych alkoholi metoda dynamiki molekularnej w pakiecie
GROMACS [25-27]. Istotnym elementem optymalizacji otrzymywanych modeli struktury byt
wybor pola sitowego, ktére najlepiej opisuje oddzialywania migdzyczasteczkowe, i w efekcie
rozmieszczenie czasteczek. Testowane byty rézne pola silowe, a obliczony na podstawie
uzyskanego modelu struktury catkowity czynnik struktury poréwnywany byl z wynikiem
eksperymentalnym (Rys. 8.). Najlepsza zgodno$¢ dato pole sitowe GAFF [28], zaprojektowane do

opisu prostych zwigzkow organicznych, takze zawierajacych pier§cienie aromatyczne.

Rys. 8. Poréwnanie czynnika struktury otrzymanego na podstawie danych z eksperymentu
dyfrakcyjnego (experiment) dla isobutanolu, oraz czynnikow struktury otrzymanych na bazie

danych z symulacji dla ré6znych p6l sitowych (amber, charmm, oplsaa, GAFF).

Dodatkowo, testowane byly rdzne czasy symulacji oraz wielko$ci uktadu (liczby czasteczek).
Zadowalajace wyniki usrednionej struktury otrzymano dla uktadow sktadajacych si¢ z 2000
molekut 1 czasu symulacji 2 ns dla warunkéw pokojowych. W przypadku symulacji
przeprowadzonych w r6znych warunkach termodynamicznych, czas symulacji byt wydtuzony.
W zakresie temperatur 293 — 413 K czas symulacji wynosit 10 ns, w temperaturach 213 — 273 K
oraz dla ci$nien w zakresie 0.1 — 3 GPa wynosit 50 ns ze wzgledu na wolniejsza relaksacje
molekut. Do analizy wykorzystywano okoto 100 trajektorii potozen atomow w uktadzie. W

przypadku symulacji uktadow, dla ktorych wyznaczane byly czasy zycia wigzan wodorowych,
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wykorzystano wczesniej zoptymalizowane modele struktury i czas symulacji wynosit 0.3 ns z

gestym zapisem danych co 0.002 ps. Krok czasowy wszystkich symulacji wynosit 0.001 ps.

Do analizy wynikoéw z symulacji zastosowano program TRAVIS [29-31], stuzacy do obliczenia
parcjalnych funkcji rozktadu par atomoéw, parcjalnych czynnikow struktury oraz catkowitych
czynnikow struktury zgodnie z réwnaniami (5-7). Program postuzyl takze do otrzymania
dystrybucji wektorow molekut. Podprogramy pakietu GROMACS zostaty wykorzystane do
obliczenia dystrybucji klastréw (gmx clustsize), liczby 1 czasu zycia wigzan wodorowych (gmx
hbond) oraz dystrybucji katow walencyjnych w molekutach (gmx angle). Dodatkowo, w ramach
wspotpracy opracowano program do obliczenia dystrybucji i wizualizacji roznych typow klastrow

supramolekularnych [32].

W celu okreslenia uktadu zwigzanych molekut (klastra) zastosowano rézne definicje wigzania
wodorowego przez grupy hydroksylowe, ktore byly konsekwentnie stosowane dla badanych grup
alkoholi w publikacjach. Warunek na odlegto$¢ atomow tlenu dwoch molekut bioracych udziat w
wigzaniu (0O-O < 3.5 A) byl przyjety jako minimum funkcji rozktadu par atoméw i stosowany bez
dodatkowej restrykcji na kat wigzania. Warunek na odlegtos$¢ tlenu i wodoru kowalencyjnie
zwiagzanego z tlenem z drugiej molekuty (O-Ho < 2.69 A), otrzymany na podstawie najblizszej
odlegtosci migdzy atomami wodoru i tlenu w funkcji rozkladu par atoméw 0.99 A, spetniat
jednoczesnie warunek na maksymalny kat wigzania 30°, Rys. 9. W przypadku symulacji w
roznych warunkach termodynamicznych, gdzie dlugo$¢ wigzania wodorowego si¢ zmienia,

zastosowano warunek na odlegtosci (O-O <4 A, O-Ho < 2.7 A) oraz kat wigzania (OHo-O < 40°).

Ho
0.99 A 2.69 A
0 £L30 0

o

3.5A

Rys. 9. Schematyczne przedstawienie przyjetych warunkéw geometrycznych na tworzenie si¢

wigzania wodorowego pomiedzy czasteczkami badanych alkoholi.
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II.  Wyniki i dyskusja

A. Wplyw budowy molekularnej na proces asocjacji
W pierwszej publikacji [P1] badano wptyw pozycji grupy hydroksylowej w molekule na proces
asocjacji w izomerach butanolu, oraz ich odpowiednikach fenylowych. Czynniki struktury
obliczone na bazie eksperymentu oraz symulacji w szerokim zakresie katow rozpraszania
wykazaty bardzo dobrg zgodno$¢, obliczone wspotczynniki rozbieznosci wynosity tylko ok. 10%
(Fig. 2 [P1]). Wyznaczone czynniki struktury (Fig. 2 [P1]) pokazuja, ze charakterystyczny prepik
jest bardziej wyrazny w serii butanoli, w poréwnaniu do ich fenylowych odpowiednikow.
Co wigcej, wsrdd grupy izomerow butanolu, prepik ma rdzne natezenia i1 pozycje. W celu
wyjasnienia opisanych roznic, na podstawie danych z symulacji obliczono czastkowe czynniki
struktury, ktore sumuja si¢ do catkowitego czynnika struktury. Z ich przebiegu (Fig. 3 [P1]) mozna
zauwazy¢, ze za gtowny wktad do prepiku odpowiadaja korelacje OO oraz CO. W przypadku
alkoholi fenylowych, korelacje CO sg ujemne, i razem z dodatnimi, ale o niewielkim nat¢zeniu
korelacjami OO, znoszg si¢ dajac natezenie prepiku bliskie zeru w catkowitym czynniku struktury.
Natomiast w przypadku izomeréw butanolu, natgezenia korelacji OO s3 wigksze niz dla ich
odpowiednikow fenylowych i razem z dodatnimi korelacjami CO sumujg si¢ do intensywniejszych
prepikow w catkowitych czynnikach struktury. Korelacje funkcji OO sa utozsamiane z
porzadkiem uformowanym przez klastry czasteczek zwigzanych wodorowo. Kazda molekuta
posiada jeden atom tlenu w grupie hydroksylowej uczestniczacej w wigzaniu wodorowym, dlatego
sg to korelacje czysto migdzyczasteczkowe, wynikajace z uktadu czgsteczek asocjujacych przez
wigzania wodorowe. Na podstawie modeli z symulacji policzono dystrybucje klastrow
zwigzanych wodorowo (Fig. 5 [P1]) oraz zwizualizowano wycinki modeli struktur (Fig. 6 [P1]).
Z histogramoéw (Fig. 5 [P1]) mozna zauwazy¢ odmienny sposob agregacji alkoholi butylowych w
poréwnaniu do ich fenylowych odpowiednikow. Czasteczki izomeréw butanolu sg w duzym
stopniu (ok. 97%) zasocjowane w klastry zwigzane wodorowo, natomiast czasteczki alkoholi
fenylowych w mniejszym stopniu (ok. 80-90%). W dalszej czesci publikacji przedstawiono
obliczone rozktady wybranych katow walencyjnych czasteczek, ktore pozwalaty na okreslenie ich
konformacji. Celem analizy konformacji bylo poznanie zwigzkéw miedzy rdéznorodnoscia
konformacyjng a rodzajem tworzonych klastréw supramolekularnych. Na podstawie
przedstawionych rozktadow (Fig. SIS Supporting Information for [P1]) widaé, ze przed

przeprowadzeniem symulacji i optymalizacji geometrii wszystkie molekuly przyjmowaty jedna
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konformacje. Jest to zwigzane ze sposobem tworzenia pudetka symulacyjnego, gdzie na poczatku
jeden model czasteczki jest powielany w ukladzie. Nastepnie, po zadanym czasie symulacji
obserwuje si¢ szerokie rozklady katow walencyjnych. W przypadku szesciu alkoholi
posiadajacych gigtkie tancuchy weglowe, trzech izomeréw butanolu i ich trzech fenylowych
odpowiednikow, widoczne sg wyrdzniajace si¢ dwa maksima w rozktadach katow walencyjnych,
co odpowiada pojawieniu si¢ dwoch konformacji molekut w uktadzie. Alkohole fenylowe maja
niemal identyczne rozktady katow jak odpowiadajace im proste butanole. Z kolei w przypadku
tert-butanolu (i jego fenylowego odpowiednika), widoczna jest tylko jedna konformacja, co jest
zwigzane ze sferycznym ksztaltem tych czasteczek i krotszym tancuchem weglowym. Taka
budowa moze determinowac bardziej ograniczony sposob asocjacji czasteczek tego izomeru.
Natomiast molekuty pozostatych izomeréw zdolnych do tworzenia réznych konformacji moga w
wigkszym stopniu dopasowywac utozenie grup hydroksylowych w celu lub jako skutek tworzenia
wigzan wodorowych. Na wycinkach modeli (Fig. 6 [P1]) zobrazowana jest rdznica w klastrach
tworzonych przez izomery butanolu, gdzie alkohol z grupa hydroksylowa na koncu molekuty
(n-butanol) tworzy klastry o $redniej wielkosci 16 molekut i ksztatcie dlugich tancuchow, a
tert-butanol o sferycznej budowie czasteczki tworzy klastry o ksztalcie kolistym i preferowane;j
liczbie 4 molekutl w klastrze. Na wycinkach modeli alkoholi fenylowych (Fig. 6 [P1]) mozna
zauwazy¢ dodatkowy typ organizacji czasteczek poprzez pierscienie fenylowe, znany w literaturze
jako agregacja m-m. Dodatkowa agregacja wyjasnia fakt wystepowania mniejszej ilosci
zasocjowanych wodorowo molekut w zwigzkach fenylowych w poréwnaniu z prostymi

butanolami.

B. Agregacja zwiazkow z pier$cieniem weglowym
Agregacja czasteczek alkoholi poprzez pierScienie stata si¢ tematem kolejnej publikacji. W
artykule [P2] badano alkohole cykliczne posiadajace cykliczny, alifatyczny pierscien weglowy,
charakteryzujacy si¢ gietkoscia i1 fatwoscig tworzenia réznych konformacji, oraz ich fenylowe
odpowiedniki, ktorych aromatyczny, sztywny pierscien moze by¢ zréodlem oddziatywan n-m, a
takze oddziatywan OH-n pomigdzy grupa hydroksylowa a pierScieniem aromatycznym. Badane
izomery cykliczne oraz fenylowe dodatkowo réznity si¢ pozycja grupy OH — blisko pierScienia i
na koncu molekuty. Zmierzone oraz obliczone z danych symulacyjnych czynniki struktury (Fig. 1
[P2]) charakteryzuja si¢ widocznymi roéznicami pomiedzy grupa alkoholi fenylowych i
cyklicznych. Alkohole cykliczne wykazuja bardziej intensywny prepik oraz gtowne halo
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dyfrakcyjne o mniejszej szerokosci potowkowej. W odpowiednikach fenylowych prepik jest mniej
widoczny, a halo ma nizsze natgzenie i jest bardziej rozmyte. Takie zachowanie §wiadczy o
wiekszej dystrybucji bliskich odlegtosci miedzy molekutami w alkoholach fenylowych niz w
cyklicznych. Podobnie jak w poprzedniej pracy, pochodzenie prepiku zostalo wyjasnione na
podstawie parcjalnych czynnikow struktury (Fig. SI1 Supplementary Information for [P2]), gdzie
mozna zauwazy¢ wyzsze nat¢zenie funkcji korelacji OO dla alkoholi cyklicznych, ale tez wyzsze
natezenie funkcji CO dla alkoholi z grupa OH blizej pierécienia (cyklicznego oraz fenylowego)
niz na koncu tancucha weglowego. Wyzsze natezenie korelacji CO w regionie prepiku moze by¢
zwigzane z architekturg klastrow o wysokim porzadku, np. jednorodnych klastrow kotowych. W
celu charakterystyki struktury supramolekularnej badanych alkoholi zdefiniowane byty trzy typy
klastrow (Fig. 3 [P2]). Pierwszy typ klastréw dotyczyt grup czasteczek potaczonych wigzaniami
wodorowymi, gdzie §redni rozmiar klastrow byt wigkszy w przypadku alkoholi cyklicznych, a
liczba niezasocjowanych molekul byla trzy razy nizsza (3% wszystkich czasteczek w uktadzie)
niz w alkoholach fenylowych (ok. 10% uktadu). W celu definicji klastréw drugiego typu —
uktadow pierscieni weglowych, odzwierciadlajacych agregacje typu -, w obu grupach zwigzkow
wybrano najprostszy warunek uwzgledniajacy odleglosci pomigdzy pierScieniami weglowymi.
Dla alkoholi fenylowych odlegtosé ta wyniosta 4 A, dla alkoholi cyklicznych ze wzgledu na
mniejsza gesto$é maksymalna odlegto$é wynosita 4.14 A. Wigksza agregacje poprzez pierscienie
weglowe obserwuje si¢ w alkoholach fenylowych, gdzie dotyczy ona 60% czasteczek w catym
uktadzie i objawia si¢ wystgpowaniem agregatow skladajacych si¢ najczesciej z dwoch, trzech
czasteczek, ale zdarzajg si¢ tez wigksze agregaty. Tymczasem w alkoholach cyklicznych agregaty
pierscieni stanowig 40% wszystkich czasteczek 1 s3 wynikiem raczej przypadkowego ulozenia
dwoch sasiednich molekul. Ostatnim typem wykrytych klastrow byty struktury odpowiadajace
agregatom tworzonym poprzez wigzanie OH-n. Taki typ klastrowania zostat znaleziony tylko w
alkoholach fenylowych, gdzie dotyczy ok. 20% czasteczek w modelu, z czego mozna
wywnioskowa¢ ze jest najmniej preferowany sposréd rozwazanych trzech typow uktadoéw
supramolekularnych. Potwierdzenie tego wniosku zostalo znalezione w wynikach
eksperymentalnych spektroskopii w podczerwieni (Fig. SI2 Supplementary Information for [P2]),
ktore pokazaly, ze oproécz pasma pochodzacego od grup zwigzanych wodorowo, obecnego dla
wszystkich alkoholi, widoczne jest pasmo pochodzace od wigzan typu OH-n obecne tylko dla

alkoholi fenylowych. Wycinki modeli (Fig. 4 [P2]) dobrze obrazuja r6zne sposoby i wielkosci
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tworzacych si¢ agregatow w badanych alkoholach. Molekuty alkoholi cyklicznych tacza sie w
dhugie tancuchy zwigzane wodorowo, a w przypadku alkoholu cyklicznego z grupa hydroksylowa
potozong blizej pierscienia, klastry majg tez ksztalt kolisty. W porownaniu z odpowiednikami
cyklicznymi, alkohole fenylowe tworza mniejsze klastry zwigzane wodorowo. W alkoholach
cyklicznych brak jest widocznej konkurencji w tworzeniu agregatow zwigzanych wodorowo.
Natomiast, dla alkoholi fenylowych wyraznie widoczna jest agregacja typu m-m (poprzez
pierScienie aromatyczne) 1 typu OH-m, sprawiajac, ze w efekcie mozliwych réznych typow
oddziatywan miedzyczasteczkowych tworzy si¢ zroznicowana, heterogeniczna struktura uktadu.
Dla zobrazowania sposobu uporzadkowania sgsiednich molekul, zdefiniowano wektor imitujacy
moment dipolowy molekuly i policzono dystrybucje wektorow w uktadzie (Fig. 4 [P2]).
Na wykresach wida¢ wigksze natezenia dystrybucji utozen molekut dla alkoholi cyklicznych, w
porownaniu z fenylowymi, co oznacza wiecej sasiednio uporzadkowanych czasteczek w uktadzie.
Kolejng ciekawg obserwacja bylo zauwazenie podobienstw w organizacji czgsteczek alkoholi o
tej samej pozycji grupy OH. Niezaleznie, czy byl to alkohol cykliczny czy fenylowy,
obserwowano rownoleglte ulozenie wektorow (maksimum nat¢zenia dla okoto 180°) dla alkoholi
z grupa hydroksylowa ulokowang na koncu molekuty oraz prostopadte ulozenie (maksimum
natezenia okoto 120°) dla alkoholi z grupa OH potozong blizej pierscienia. Potwierdza to bardziej
kolowy sposéb ulozenia czasteczek w klastrach w przypadku drugiej wspomnianej grupy
zwigzkow. Warto nadmieni¢, ze wyniki symulacji korelujg z wynikami uzyskanymi za pomoca
spektroskopii dielektrycznej, a konkretnie — wspdtczynnikiem Kirkwooda (Fig. SI3
Supplementary Information for [P2]). Wysoka wartos¢ wspdlczynnika Kirkwooda jest
obserwowana dla uktadow, gdzie czasteczki alkoholi uktadajg si¢ rownolegle wzdtuz tancuchéw
wigzan wodorowych i1 gdzie ilo$¢ takich ulozen jest duza. Najwyzszg warto$¢ czynnika Kirkwooda
dla badanych alkoholi, w temperaturze pokojowej, odnotowano dla 2-cyclohexylethanolu, co
koreluje z silnym rownolegtym uporzadkowaniem wektorow molekut. Nastepnie, nizszg warto$¢
wspolczynnika Kirkwooda obserwuje si¢ dla 1-cyclohexylethanolu o prostopadtym ulozeniu
molekut, ale silnie zasocjowanych i tworzacych duze klastry, oraz dla dwoch fenylowych alkoholi,
gdzie wystepuja mniejsze klastry o wigkszym nieporzadku ulozen wektoréw czasteczek. W
artykule pokazano, ze struktura supramolekularna alkoholi fenylowych, w poréwnaniu do alkoholi
cyklicznych, mimo podobnej budowy molekuty, wykazuje wigksza heterogenicznos¢, ktorej

zrédlem jest dodatkowa agregacja wynikajgca z aromatycznosci pier§cienia.
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C. Czas zycia wigzan wodorowych w klastrach
W kolejnej pracy [P3] za pomoca symulacji dynamiki molekularnej zbadano czas zycia wigzan
wodorowych alkoholi. Motywacja do przeprowadzenia tych badan byta che¢ weryfikacji tezy na
temat uniwersalnego rozktadu czasu zycia wigzan wodorowych przedstawionej w artykule [33].
Autorzy tej publikacji pokazali, ze rozktady czaséw zycia prostych alkoholi monohydroksylowych
posiadaja trzy charakterystyczne maksima, przy zalozeniu warunku na odleglo$¢ wigzania
wodorowego 2.5 — 3.5 A. Pierwsze maksimum nazwali ,,dimer peak” i jego pochodzenie przypisali
wigzaniu w uktadach dwoch molekut (dimeréw). Drugie 1 trzecie maksima o nazwie ,,cluster peak™
1 ,topology peak” autorzy przypisali kolejno wigzaniom wodorowym w wigkszych klastrach
molekut oraz topologii tych klastrow. Co ciekawe, dwa ostatnie maksima, w przeciwienstwie do
pierwszego, ktorego pozycja przesuwala si¢ w stron¢ dluzszych czaséw zycia wraz ze
zwickszaniem warunku na odlegto$¢, miaty state pozycje, wynoszace ok. 0.02 ps i 0.05 ps.
Autorzy twierdzili, ze taka dystrybucja maksimoéw czasoéw zycia wigzan wodorowych jest cecha
uniwersalng réznych alkoholi tworzacych struktury zwigzane wodorowo. Wykorzystujac
metodyke zaproponowang w opisanym artykule, wyznaczono dystrybucje czasow zycia wigzan
wodorowych alkoholi 1 uzyskano podobne ich przebiegi (Fig. 2 [P3]). W celu zbadania zaleznos$ci
czasOw zycia od topologii klastréw, analizie poddano dwie pary zwigzkow — tworzacy w
wigkszosci liniowe klastry n-butanol i jego izomer tert-butanol tworzacy w wigkszosci klastry
kotowe, oraz par¢ heksanoli o podobnych preferencjach klastrowania. Na uzyskanych
dystrybucjach (Fig. 3 [P3]) nie zauwazono zmian w pozycji trzeciego maksimum, powigzanego z
topologig klastréw. Z kolei widoczna byta zmiana potozenia pierwszego maksimum — byto one
przesunigte w kierunku dluzszych czaséow zycia dla zwiazkow tworzacych klastry kotowe w
poréwnaniu do zwigzkdw tworzacych klastry liniowe. W rezultacie pokazano, ze
charakterystyczna topologia klastrow zwigzanych wodorowo jest odzwierciedlona w pierwszym
maksimum dystrybucji czaséw zycia. Dodatkowo, z wyznaczonych dystrybucji mozna
wywnioskowaé, ze wigzania wodorowe w uktadach klastrow kolowych charakteryzuja si¢
dhluzszymi czasami zycia niz w klastrach liniowych. Zaprezentowane badania pokazaty rdzna
stabilno$¢ wigzan wodorowych w zaleznos$ci od typdéw klastréw alkoholi, co moze znalez¢ szersze

zastosowanie w innych uktadach zwigzanych wodorowo.
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D. Zmienne warunki termodynamiczne w ukladzie
Zachowanie procesu asocjacji w roznych warunkach termodynamicznych jest kluczem do
poznania jakie czynniki maja decydujacy wplyw na tworzenie si¢ struktur supramolekularnych.
W pracy [P4] zbadano dwa zwiazki alkoholi, heksanole, r6znigce si¢ pozycja grupy hydroksylowe;j
1 tym samym tendencjg do tworzenia réznych typow architektury klastréw supramolekularnych.
Alkohol 2-ethyl-1-hexanol z grupag OH na koncu tancucha weglowego ma tendencj¢ do tworzenia
klastrow liniowych, natomiast 2-methyl-3-hexanol z grupa OH ulokowana w $rodkowej czesci
molekuty ma preferencje do tworzenia klastrow kotowych. Wyniki wysokocisnieniowych
pomiarow dyfrakcyjnych wykonanych w o$rodku synchrotronowym zostaly zestawione z
wynikami eksperymentalnymi w niskiej i wysokiej (w poréwnaniu do pokojowej) temperaturze
oraz sprzegnigte z wynikami symulacji komputerowych. Opublikowane zestawienia (Fig. 2 [P4])
pokazuja zachowanie dwoch gltownych pikow dyfrakcyjnych w  réznych warunkach
termodynamicznych. Widoczne sg efekty zmiany gestosci uktadu — zmieniajace si¢ odlegtosci
sasiednich molekut w przestrzeni rzeczywistej, co w przestrzeni odwrotnej przektada si¢ na zmiang
pozycji gtéwnego halo na dyfraktogramach. Co ciekawe, pozycja prepiku pozostaje niemal stata,
jednak zmienia si¢ jego natezenie — wraz ze wzrostem ci$nienia spada, a ze wzrostem temperatury
rowniez spada i wyraznie si¢ poszerza. Parcjalne funkcje czynnikéw struktury (Fig. 3 [P4])
wskazaty, ze spadek intensywnosci prepiku wraz z podwyzszeniem temperatury zwigzany jest
gtownie ze spadkiem korelacji OO, co wskazuje na redukcje¢ liczby molekul zwigzanych
wodorowo w klastry. Z kolei, wraz ze wzrostem ci$nienia korelacje OO utrzymuja si¢ na
podobnym poziomie, a zmniejsza si¢ natezenie korelacji CO, co zwigzane jest z reorganizacja
architektury klastréw. Takie obserwacje pokazuja odmienny wptyw dwoéch podstawowych
parametréw termodynamicznych — temperatury i ci$nienia — na agregacje molekul. Dalsza analiza
struktury alkoholi w réznych warunkach termodynamicznych miata na celu pogtebiong
charakterystyke architektury tworzacych si¢ klastrow. W tym celu, zdefiniowano rézne typy
klastrow okreslajace sposob taczenia si¢ czasteczek przez wigzania wodorowe (liniowy, kolowy,
rozgateziony). Wyznaczono takze liczby molekul niezwigzanych wodorowo i policzono
dystrybucje liczby czasteczek zwigzanych w rdznych typach klastrow w zalezno$ci od temperatury
1 cisnienia w uktadach alkoholi. Z zaprezentowanych dystrybucji (Fig. 4 [P4]) mozna zauwazy¢
jak liczba niezwigzanych molekut (monomerdéw) ro$nie wraz ze wzrostem temperatury, a z

wysokim ci$nieniem spada prawie do 0%. Klastry liniowe stanowia wigkszo$¢ w obu uktadach
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alkoholi, w temperaturze pokojowej 1 wyzszej. W najnizsze] badanej temperaturze, wigkszos¢
uktadu 2-ethyl-1-hexanolu stanowig klastry rozgatezione, natomiast 2-methyl-3-hexanolu —
klastry kotowe. Wysokie ci$nienie, podobnie jak niska temperatura, powoduje powstawanie
wigkszej liczby rozgalezionych klastrow w pierwszym zwigzku. Drugi zwiazek, z grupa OH
ulokowang w srodku molekuty, prawie w ogole nie tworzy klastrow o typie rozgatezionym. Wazna
obserwacja jest spadek liczby klastréw kotowych w obu uktadach wraz ze zwigkszaniem ci$nienia,
na rzecz tworzenia si¢ innych typow — rozgat¢zionych lub liniowych. Obszary wspdlnych warto$ci
gestosci, ktore mozna uzyska¢ poprzez zmiany temperatury w cisnieniu 1 bar lub zmiany ci$nienia
w temperaturze 293 K, zostaly otrzymane na podstawie danych eksperymentalnych oraz z
symulacji (Fig. SI2 Supporting Information for [P4]). Interesujacym odkryciem bylo, ze stany o
zblizonej gestosci, ale osiagnigte w roznych warunkach termodynamicznych wykazuja rozne
architektury klastrow (Fig. 4 [P4]). Wizualizacja modeli (Fig. 5 [P4]) w ré6znych warunkach
termodynamicznych wraz z dystrybucjami wielkosci klastrow pozwala na jako$ciowe oraz
ilosciowe zobrazowanie struktury supramolekularnej badanych alkoholi. W temperaturze 213 K
w 2-ethyl-1-hexanolu widoczne sg klastry liniowe o duzych rozmiarach, nawet kilkuset molekut.
Natomiast klastry kolowe w 2-methyl-3-hexanolu przyjmuja rozmiary maksymalnie kilku
molekut, co moze wynika¢ z ograniczen energetycznych tworzenia wickszych tego typu
agregatow. W warunkach pokojowych rosnie liczba niezwigzanych molekut, a $rednia wielkos¢
klastra spada. Z kolei w najwyzszej temperaturze 413 K klastry majg rozmiar maksymalnie
kilkunastu molekut i duza czg¢$¢ uktadu stanowig monomery. Wycinki modeli obrazujace strukturg
w warunkach najwyzszego ci$nienia 3GPa, wykazuja podobienstwo do obrazéw agregacji w
niskiej temperaturze 213 K. Jednak w tych pierwszych, klastry sag mniejsze i wigcej jest klastrow
rozgatezionych (w przypadku 2-ethyl-1-hexanolu) oraz mniej klastrow kotowych (w przypadku
2-methyl-3-hexanolu). Podsumowujac, w pracy pokazano rézny wpltyw zadanych zmiennych
warunkow termodynamicznych na odpowiedz agregacji molekut alkoholi monohydroksylowych.
Najwazniejszym wnioskiem ptyngcym z przeprowadzonych badan jest to, ze przeciwnie niz
wysoka temperatura, ktora ma destrukcyjny wpltyw na wigzania wodorowe, wysokie ci$nienie

promuje asocjacj¢ molekut, ale jednocze$nie zmienia architekture klastrow supramolekularnych.
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E. Podsumowanie
W pracy pokazano wptyw budowy molekutly i warunkéw termodynamicznych na proces asocjacji
wybranych alkoholi monohydroksylowych. Badania struktury bazujace na metodzie dyfrakcji
rentgenowskiej zostaty zinterpretowane w oparciu o wyniki symulacji dynamiki molekularne;.
Najwazniejsze wyniki badan zebrano na grafice — Rys. 10. Dyfraktogramy badanych alkoholi
monohydroksylowych charakteryzowaty si¢ wystgpowaniem prepikow, ktorych natezenie oraz
polozenie rdéznito si¢ w zaleznosci od budowy molekuty determinujacej budowe
supramolekularng. Szczegoétowych informacji na temat struktury i typow tworzonych w uktadzie
klastrow dostarczyty symulacje dynamiki molekularnej. Pokazano, ze zwigzki, w ktérych grupa
hydroksylowa ulokowana jest na koncu tancucha weglowego molekuty tworzg dlugie tancuchy
zwigzane wodorowo — klastry o ksztalcie liniowym. Alkohole, gdzie grupa OH umieszczona jest
w srodku molekuty lub blisko pierscienia, majg tendencj¢ do tworzenia klastrow kotowych.
Ponadto, pokazano ze czasy zycia wigzan wodorowych w klastrach kotowych sg dtuzsze niz w
klastrach liniowych. Badania alkoholi z pierScieniem weglowym wykazaly ciekawa
prawidtowos$¢, alkohole cykliczne mimo zawady sterycznej w postaci pier§cienia agreguja si¢ w
duze klastry zwigzane wodorowo. Tymczasem, w bardzo podobnych do nich w budowie
wewnatrzczasteczkowej alkoholach fenylowych, pierScien aromatyczny jest zrddlem
konkurencyjnych oddziatywan w uktadzie, co wplywa na mniejszy rozmiar tworzonych klastrow
zwigzanych wodorowo. Badania w réznych warunkach termodynamicznych daly mozliwos¢
zweryfikowania, co dzieje si¢ z klastrami zwigzanymi wodorowo pod wplywem zmiany
zewnetrznych warunkow. Pokazano, ze wysoka temperatura skutkuje zmniejszeniem liczby
zwigzanych wodorowo molekul w uktadzie. Wraz z obnizaniem temperatury uzyskano stany
gesto$ci o wartosciach rdwnych tym podczas kompresowania uktadu. Jednak wykazano, ze
architektura supramolekularna klastréw otrzymana po tych dwoch $ciezkach termodynamicznych
nie byta taka sama. Istotnym osiggnigciem byto zademonstrowanie, ze wysokie ci$nienie wzmaga
asocjacje poprzez wigzania wodorowe w prostych alkoholach monohydroksylowych.
Prezentowane badania poruszaja fundamentalny temat oddzialywan mig¢dzyczasteczkowych i
pokazuja oryginalne wyniki w tej dziedzinie. Wyniki zostaly zaprezentowane w czterech
publikacjach naukowych w wysoko punktowanych czasopismach z listy filadelfijskie;j.
Wynikajace z nich wnioski mogg zosta¢ w przysztosci zastosowane jako podstawa dalszych badan

na temat asocjacji bardziej skomplikowanych uktadéw molekularnych.
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ABSTRACT: Wide-angle X-ray scattering patterns were recorded
for a series of aliphatic butanol isomers (n-, iso-, sec-, tert-butanol)
and their phenyl derivatives (4-phenyl-1-butanol, 2-methyl-3-
phenyl-1-propanol, 4-phenyl-2-butanol, and 2-methyl-1-phenyl-2-
propanol, respectively) to determine their atomic-scale structure
with particular emphasis on the formation of supramolecular
clusters. In addition, molecular dynamics simulations were carried
out and yielded good agreement with experimental data. The
combination of experimental and theoretical results allowed
clarification of the origin of the pre-peak appearing at low
scattering angles for the aliphatic butanols and its absence for their
phenyl counterparts. It was demonstrated that the location of the
hydroxyl group in the molecule of alkyl butanol, its geometry, and

rigidity determine the morphology of the supramolecular clusters, while the addition of the aromatic moiety causes more disordered
organization of molecules. The phenyl group significantly decreases the number of hydrogen bonds and size of the supramolecular
clusters formed via the O—H---O scheme. The lower association ability of phenyl alcohols via H-bonds is additionally attenuated by
the appearance of competing 7—7 configurations evidenced by the structural models.

1. INTRODUCTION

In ordinary “nonassociating” liquids, the intermolecular
structure is isotropic and the structural correlations between
molecules are usually lost beyond the second-neighbor shell.
However, in many liquids, specific interactions, which include,
e.g., hydrogen bonding, hydrophobic relations, 7—7 stacking,
van der Waals, or dipole—dipole forces, can induce
spontaneous self-assembly of molecules into aggregates
without any external trigger. One example is monohydroxy
alcohols, which form supramolecular clusters through hydro-
gen bonds (HBs) and exhibit a much longer correlation length
than ordinary liquids. Despite the growing number of studies
for alcohols in binary mixtures, at various interfaces, or in
nanoconfinement,' ™" there is still a lack of thorough
understanding of their association ability in neat bulk forms.
One class of alcohols that is largely unexamined in this regard
is phenyl alcohols.

Recent years have seen a huge development in molecular
dynamics (MD) as a technique to simulate the dynamics and
structure of alcohols. Several studies were conducted
comparing with a good agreement experimental and simulated
total scattering (diffraction) data, e.g, for water—ethanol
mixtures,” n-pentanol and pentanal mixtures,’ and neat linear
alcohols.”® To the best of our knowledge, there are no such
studies for phenyl alcohols such as phenyl derivatives of
butanols. In contrast, the structure of aliphatic butanols has
been widely reported in the literature. It was shown
experimentally or/and using molecular dynamics simulations

© 2022 The Authors. Published by
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that n- and sec-butanols create chainlike H-bonded clus-
ters,””'" while tert-butanol has a tendency to create cyclic
structures.”' %' >"? It was also postulated that the steric effect of
tert-butanol’s globular shape is an obstacle for creating larger
supramolecular clusters.'*

In fact, the discussions on the steric hindrance effect of
molecular shape, the impact of the alkyl chain length, and the
position of the OH group on the supramolecular structure in
various alcohols are abundant in the literature.">™'° However,
the information on the associating phenomena of alcohols with
the steric hindrance in the form of the attached phenyl group is
based practically only on the dielectric and infrared spectros-
copy studies and many contradictions have arisen on this
topic.”"~*® First, Kalinovskaya et al*’ and Johari et al.*®
postulated that the phenyl group in 1-phenyl-1-propanol
reduces the extent of intermolecular H-bonding as the
Debye-type relaxation process vanishes. Subsequently, Bohmer
et al”® concluded that the aromatic ring only affects the
supramolecular architecture of phenyl-propanols, while the
structure formation through HBs is not generally suppressed
by the increased steric hindrance. Thus, the two above
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hypotheses were mutually exclusive. Our recent results based
on the combination of calorimetric, dielectric, infrared, and
diffraction studies suggested that HBs are effectively formed in
phenyl alcohols, irrespectively of the steric effect of the
aromatic ring. The major factors deciding their degree of
association and morphology are the intramolecular architecture
and the location of the OH group in relation to the carbon
skeleton.””*” In turn, in another paper,”* we demonstrated that
the phenyl ring exerts a strong effect on the self-organization of
1-phenyl alcohols’ molecules, leading to a significant decline in
the size and concentration of H-bonded clusters. Furthermore,
it was postulated that besides playing the role of steric
hindrance, the bulky aromatic ring acts as a source of
additional 7---7/OH:---m interactions affecting the supra-
molecular organization. However, this hypothesis needs a
strong verification.

With regard to the gap in understanding of the supra-
molecular assembly and structure of phenyl alcohols, in the
current study, we focus on a series of structural alkyl butanol
isomers and their phenyl counterparts. To get a deeper insight
into the influence of the molecular geometry, location of the
hydroxyl group, and, most of all, the presence of the steric
hindrance posed by the phenyl moiety on the association of
molecules, molecular dynamics simulations were employed.
The optimized models of the studied alcohols show very good
compliance with the experimental total X-ray diffraction data in
real and reciprocal spaces and, therefore, they can be used to
interpret the characteristic features of their supramolecular
structure.

2. EXPERIMENTAL SECTION

2.1. Materials. Aliphatic butanols with the chemical
formula C,H,,0: n-butanol (nBOH), isobutanol (iBOH),
sec-butanol (sBOH), and tert-butanol (tBOH), and their
phenyl derivatives with the chemical formula C,(H,O: 4-
phenyl-1-butanol (4Ph1BOH), 2-methyl-3-phenyl-1-propanol
(2M3Ph1POH), 4-phenyl-2-butanol (4Ph2BOH), and 2-
methyl-1-phenyl-2-propanol (2M1Ph2POH) with purity of at
least 97% were purchased from Sigma-Aldrich. For simplicity,
we will refer to these phenyl derivatives of butanols as phenyl
butanols later in the text. The models of the chemical structure
of all studied alcohols are presented in Figure 1.

2.2. X-ray Diffraction Measurements. Wide-angle X-ray
diffraction (XRD) measurements were carried out on a Rigaku-
Denki D/MAX RAPID II-R diffractometer equipped with a
rotating Ag anode, an incident beam (002) graphite
monochromator, and a two-dimensional image plate detector,
operating in the Debye—Sherrer geometry. Samples were
measured in capillaries at around 293 K, except for 2-methyl-1-
phenyl-2-propanol, which, due to crystallization, was measured
at a higher temperature around 297 K. The two-dimensional
XRD patterns were transformed to the one-dimensional
functions of the scattering intensity versus the scattering
vector Q = 4 sin 6/4, where 20 is the scattering angle and 1 =
0.5608 A is the wavelength. The maximum value of Q in the
experiment, Q,., was 20 A”'. In the next step, the total
coherently scattered intensity I(Q), corrected by background,
absorption, polarization, and Compton effects and normalized
to electron units by the high-angle method™ using in-house
software, was converted to the scattering factor S(Q) using the
following formula
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Figure 1. Models of molecules of the investigated alcohols: n-butanol
(a), isobutanol (b), sec-butanol (c), tert-butanol (d), 4-phenyl-1-
butanol (e), 2-methyl-3-phenyl-1-propanol (f), 4-phenyl-2-butanol
(g), and 2-methyl-1-phenyl-2-propanol (h). The abbreviated names
used in the article are given above the molecules. Carbon atoms are
marked in dark gray, oxygen in red, and hydrogen in light gray.

Q) - TN, xf*(Q)
(Z, % (Q)

S(Q) =
1

where «; is the fraction and £,(Q) is the atomic scattering factor
of the i-th atomic species, respectively, and N is the number of
atomic species in the sample.

2.3. Computational Section. Molecular dynamics simu-
lations were carried out using GROMACS package (version
2020).°7% The calculations were performed at the NVT
ensemble (constant volume and temperature), at temperature
297 K for 2-methyl-1-phenyl-2-propanol and at 293 K for the
rest of the compounds to represent the laboratory conditions.
Each starting simulation box contained 2000 randomly
distributed molecules. The size of the cubic box was estimated
based on the density of a compound at the given temperature
and molar masses of molecules. The values of these parameters
in Table SI1 as well as details of the simulations are presented
in the Supporting Information. The topology files were created
in the Antechamber module (AmberTool21)* with inter-
actions described by the general AMBER force field (GAFF).**
The trajectories of the final 100 configurations were collected
for further analysis of the systems. Longer simulation time and
larger box size were also tested and gave similar results, see
Supporting Information, Figures SI6-SI10.

The gmx_rdf, gmx hbond, gmx_clustsize, and gmx_angle
programs in the GROMACS package were used to calculate
the partial radial distribution functions of atoms and the radial
distribution functions of the center of molecules as well as to
analyze the properties of supramolecular clusters, hydrogen
bonds, and intramolecular structure. TRAVIS software>> >’
was used to calculate the partial S,-j( Q) and total S(Q) structure
factors from the partial radial distribution functions g,-)-(r) as
follows
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Figure 2. Experimental (colored lines) and simulated (black lines) total structure factors S(Q) of investigated butanols in the pre-peak and main-
peak region (a) and in the whole measured range of the scattering vector Q (b). The curves for alkyl butanols are upshifted with the value of 1.5
with respect to their phenyl counterparts. The values of discrepancy factors R are given on the right part of the graph.

_ Anp,  fren )
$(Q) = ? '/o r(gij(r) — 1)sin(Qr) dr @

where the indices i and j run over N different atom types, p, is
the number density, r is the interatomic distance, and r,,,, is
the maximum sampled distance in the radial distribution
function (equal to the box length). Partial structure factors
obtained from simulations were multiplied by the weighting
factors to get the weighted partial structure factors Sj; (Q)

23 (QF (Q5,(Q)
(X5 (Q) )
where §;

; is the Kronecker delta, which sums to the total
structure factor S(Q)

Q) =@2-8)

N
$(Q) = ), $(Q)
i<j

(4)
and can be directly compared with the experimental S(Q).

3. RESULTS AND DISCUSSION

3.1. Total Structure Factors and Pair Distribution
Functions from Experiment and Simulations. The
experimental structure factors of the different alcohols are
compared in Figure 2. In the case of a low-Q range (Figure 2a),
a dominant main peak (MP) around Qup = 1.3—1.4 A™! as
well as a pre-peak (PP) around Qpp 0.6—0.7 A7 are
observed for each ordinary butanol. However, the positions of
both peaks systematically vary for the different isomers. The
MP shifts to a higher Q value and decreases in intensity with
decreasing branching of the molecule, from globular tBOH,
through less branched iBOH and sBOH, to linear nBOH. The
position of a diffraction peak in reciprocal space can be
interpreted in real space through the relation d = 22/Q. For
dense liquids, the Qup position fingerprints an average
particle—particle distance.® The fact that the butanol isomers
exhibit different Qyp simply reflects the different sizes and
geometry of the molecules and their packing ability.

2%~ 48 A for tBOH, while dyp ¥ —~— ~ 4.4 A
1.3 A 143 A

~
~

dyp &
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for nBOH. Thus, nBOH molecules are more densely packed
than tBOH molecules at the same thermodynamic conditions
applied, i.e., room temperature and ambient pressure. One may
observe similar behavior for phenyl derivatives, i.e., the
position of the MP shifts toward a higher Q with decreasing
branching of the molecules. However, the MPs of phenyl
counterparts are visibly wider and have a lower intensity than
those of ordinary butanols.

The principal difference in the structure factors between the
aliphatic butanols and their aromatic counterparts is the
presence of the scattering PP in the low-Q region for the
former group and its absence for the latter class of alcohols.
The origin of the PP in the structure factor of alcohols has
been generally attributed to the self-assembly of molecules in
aggregates via HBs.”* ™"’ It was shown that PP in the total
structure factor of neat alcohols becomes the major peak in the
partial structure factors involving H-bonding sites, i.e.,, O—0O,
H-H, and O-H."> The PP’s position is related to the
repeating distance between the hydroxyl head groups in the
aggregates and, therefore, to the size of the H-bonded clusters.
However, the architecture of the aggregates strongly influences
both the PP’s position and amplitude.”” In fact, the total PP’s
amplitude depends on how different partial atom—atom
contributions sum up or cancel out. Therefore, based on
solely experimental total S(Q), it is not possible to assign
unambiguously the observed diffraction peaks to specific
interatomic correlations. From our previous studies using
infrared and dielectric spectroscopy, it was established that the
phenyl moiety affects only slightly the degree of association
and does not influence the strength of HBs in the phenyl
butanols compared to their alkyl counterparts.”’ Moreover,
phenyl butanols were characterized by similar values of the
Kirkwood factor, which measures the long-distance correla-
tions between the dipole moments of molecules, to those
determined for their aliphatic analogues. In this context, to
explain the lack of the PPs in the structure factors of the
studied phenyl butanols, in the further part of the paper, the
partial atomic contributions Si(Q) to the total S(Q) were
examined based on the optimized models.

https://doi.org/10.1021/acs.jpcb.2c01269
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A look at the comparison of the experimental and model-
based structure factors in Figure 2 allows noticing that the data
derived from the MD simulations behave similarly to the
experimental ones. The simulation results reproduce the
presence of the PP for alkyl butanols and its lack for their
phenyl derivatives. Since the low-Q region is assigned mainly
to the medium-range intermolecular correlations, the good
agreement between the model-based and the experimental data
in this region is essential for the appropriate characterization of
the supramolecular structure and quantifying the effect of the
phenyl group on the molecular assembly. The positions,
widths, and amplitudes of the PP and MP in the simulated
S(Q) fit well the data derived from the XRD experiment for
each alcohol. Also, the oscillations arising mainly due to the
intramolecular correlations, observed for higher Q values in
Figure 2b, are well reproduced by the functions derived from
the MD computations. The agreement between the total
model-based, Sp(Q), and experimental, Spx(Q), structure
factors was quantified using the discrepancy factor,

R \/ L 18ex(Q) — Su(QP
Zle SEX(Qk)Z

the whole Q range with a step of 0.01 A™". The values of R,

given in Figure 2, are below 10% for almost all alcohols. Thus,

the obtained MD models provide a reasonable description of

the entire molecular organization of the studied systems at

different length scales.

The intermolecular correlations can be also probed by the
oscillations of the total pair distribution functions, which are
presented in Figure SI1 in the Supporting Information. The
functions show that the aliphatic butanols are characterized by
longer-range correlations, extending up to around 30 A. In
turn, for phenyl butanols, there are no oscillations beyond
around 20 A. It indicates suppression of the intermolecular
order due to the presence of an aromatic ring. In an attempt to
understand these observations more deeply, as a trace of the
supramolecular aggregation, the data derived from the MD
models were further analyzed.

3.2. Model-Based Structural Correlations. The calcu-
lated partial scattering contributions Si(Q) to the total
scattering of the modeled systems, according to eq 4, are
depicted in Figure 3. The analysis of their positive and negative
parts reveals the origin of the pre-peak in the total S(Q)
functions for aliphatic butanols and its lack for phenyl
derivatives of the butanols. The strongest positive contribution
to the PP region comes from $'5o(Q) correlations, which are
the fingerprint of the H-bonding organization. The positive
first peak in $’5o(Q) is observed for both aliphatic and phenyl
butanols, indicating the existence of a periodicity in the
arrangement of oxygen atoms for all alcohols. However, for
phenyl derivatives of butanols, the intensity of this peak is
significantly lower and its position is shifted toward lower Q
values compared to the aliphatic counterparts. There is a
greater disorder in the organization of oxygen sites and the O—

O correlation length is greater for phenyl alcohols. For
2z

-100%, where index k runs over

instance, the correlation length Iyg = e 9.8 A for
nBOH while loo ~ — ~ 114 A for 4Ph1BOH, which is

understandable given the different sizes of the molecules.
S’on(Q), also associated largely with structural correlations of
HBs, reveals as well a positive bump in the low-Q region
around 0.5—0.7 A™". Interestingly, $'co(Q) is strongly negative
in that region for all phenyl butanols. As a result, positive and
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Figure 3. Partial structure factors S[}(Q) calculated based on the
optimized molecular dynamics models of the investigated butanols.

negative partial contributions to the total scattering cancel out
and no pre-peak is observed.

In turn, for aliphatic nBOH, iBOH, sBOH, and tBOH, the
higher intensity of the S'co(Q) as well as strong S'o0(Q)
correlations in this range leads, in consequence, to clear PP
feature in total S(Q) around 0.6—0.7 A™" for aliphatic butanols.
It is also worth indicating that there are considerable
differences in the partial contributions to total S(Q) between
the different butanol isomers that explain the various
amplitude of the PP. Tertiary tBOH alcohol shows the
strongest positive $'00(Q), S'ou(Q), and S'co(Q) correlations,
while for primary nBOH, S'¢o(Q) gives negative correlations
in the PP region. Consequently, one may observe that the PP
in the experimental functions has the highest intensity for
tBOH and the lowest intensity for nBOH. Such a characteristic
suggests that the cluster structure of the latter system is less
pronounced than that of the former. It is also interesting to
note that S'cc(Q) contributes mostly to the main peak of the
total S(Q) for all studied butanols.

In Figure 4, the selected site—site pair distribution functions
for all butanols were compared to complement the information
given by the structure factors. Figure 4a shows the correlations
between mass centers of molecules g..(r). The first peaks in
the g...(r) function comprise the short-range behavior due to
interactions between neighboring molecules. The first
distinguishing features of g.,(r) are two pronounced peaks
for tBOH, at around 4.6 and 6 A. They indicate the spatial
heterogeneity of the local structure of this alcohol in the near-
neighbor range. The first maximum may be identified as a
distance between two neighboring molecules aggregated within
a cluster, while the second maximum is the distance between
the center of masses for the nearest molecules involved in
separate clusters. These distances were marked on the
structural model presented further in Figure 6¢. Similar two-
component behavior of the nearest-neighbor distances, but
with considerably lower intensity, can be observed for
secondary sBOH. For the primary butanols, nBOH and
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Figure 4. Center of mass g.,(r) (a) and oxygen—oxygen goo(r) (b)
radial distribution functions obtained from the optimized structural
models. The inset shows the goo(r) correlations for longer distances.

iBOH, the nearest-neighbor intermolecular structure is much
more homogeneous with one maximum at around S.5 A. For
phenyl derivatives of butanols, the correlations between
molecules in the nearest-neighbor region are significantly
weaker and shifted toward greater distances, as expected, due
to the increase in the size of the molecules after attaching the
phenyl group. The addition of the phenyl moiety leads also to
the heterogeneity in the short-range organization of molecules
that can be observed as the appearance of two maxima in
Zem(r), at around 5.5 and 7.5 A. All g..(r) functions for the
different phenyl butanols behave this way and have a related
shape that indicates their short-range intermolecular structure
is similar.

Figure 4b shows correlations involving oxygen sites goo(r).
Since each of the investigated butanols contains only one
oxygen atom involved in the H-bonding per one molecule, the
goo(r) function provides information on the structure of HBs.
All other partial g,-]-(r) functions are shown in Figure SI2 in the
Supporting Information. The strong first peak in the goo(r)
distribution appears at a distance of around 2.8 A, which is the
generally accepted length for the O—H--O bond,* and
witnesses the strong association of oxygen atoms in clusters.
The position of the first maxima does not differ significantly
between the different butanols; however, it can be noted that
in each pair of aliphatic—aromatic butanol, the maximum is
shifted slightly toward greater distances for phenyl alcohol. It
means that the strength of the HBs is somewhat lowered after
the addition of the phenyl group to the molecule. The
strongest O—O correlations in the nearest-neighbor range
show nBOH, while the weakest show 2M1Ph2POH, which is
the most sterically hindered system. The first maxima in the
goo(r) are followed by depleted correlations due to a lower
number of the O—O neighbors. It is interesting that all go(r)
functions show oscillations up to distances around 12 A
(Figure 4b, inset). This observation denotes that the formation
of the medium-range order between molecules in the studied
butanols takes place with the participation of the O—O
correlations resulting from the O—H---O bonds.

3.3. H-bonding and Supramolecular Clusters. In the
previous section, it was demonstrated that the formation of the
medium-range order in the studied butanol alcohols and their
phenyl derivatives is due to the intermolecular H-bonding. The
molecules form supramolecular clusters via HBs. In general,
the analysis of the H-bonding, described in the Supporting
Information, indicated that aliphatic butanols form more HBs
than their phenyl derivatives, while in the latter group, there
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are more unbounded molecules. Regardless of the angular
conditions imposed on the atoms participating in the H-
bonding, the number of all HBs in aliphatic butanol is much
higher than in its phenyl analogue, for all isomers (see Figure
SI3 in the Supporting Information). The HB distance and
angle distributions as well as their average values are shown in
Figure SI4 in the Supporting Information. The average HB
length is very similar for all alcohols, lying within the limits of
2.81 A for nBOH and 2.85 A for 2M1Ph2POH. The average
HB angle values are also very close to each other for all
systems, around 10°. Moreover, the HB distance and angle
distributions for all systems are also similar. It suggests that the
H-bonding pattern for all of the studied alcohols is not very
different, despite the revealed differences in the number of
identified HBs.

Going back to the degree of association of molecules via H-
bonds, it is worth mentioning the infrared (IR) spectroscopy
results reported in our previous paper.”’ The IR spectra
indicated that at room temperature, aliphatic butanols do not
exhibit a signal from unbounded OH moieties while phenyl
butanols exhibit a very weak peak associated with vibrations of
free OH groups. The numbers of HBs determined here based
on the optimized MD models with the broadest angle
restriction (H—O—O angle < 90°, see the Supporting
Information) best correspond to the results of the previous
IR studies. One can see that for this restriction, aliphatic
butanols are well associated; however, some molecules are still
unbounded. An extension of the angular range for the
definition of HB or the complete omission of this restriction
could result in a further increase in the degree of association,
which would even better match the IR results. Moreover,
Gereben & Pusztai’ tested different criteria on HBs and stated
that sensibly chosen solely distance criteria is sufficient to
obtain quantitative results. These findings encouraged us to
impose the criterion only on the O—O distance for the analysis
of the supramolecular clusters. Thus, the definition ‘cluster’
was used to describe assemblies of H-bonded molecules, which
are so close to each other that the distances between
intermolecular oxygen atoms do not exceed 3.5 A and no
angle restriction is taken. The term ‘cluster size’ corresponds to
the number of molecules in the clusters.

The calculated histograms of the number of clusters versus
the total number of molecules in the clusters are depicted in
Figure 5. The first column of these diagrams concerns
unassociated molecules. The insets in Figure S show the
comparison of the histograms for a wider range of cluster sizes.
Analyzing the histograms, the following observations can be
made:

(1) The number of unassociated molecules increases from
around 1.5 to 3% going from primary nBOH, branched
primary iBOH, secondary sBOH, and tertiary tBOH. It
means that increasing the steric hindrance due to the
location of OH group relative to the carbon skeleton and
the transformation of the geometry of molecules from
linear to globular suppress the clustering ability of these
butanols.

(2) For phenyl butanols, this tendency is generally
maintained. However, the number of unassociated
molecules is much higher (11—24%) for phenyl alcohols
compared to their aliphatic counterparts. Thus, it can be
argued that the phenyl group is the severe steric

hindrance prior to supramolecular clustering.
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J. Phys. Chem. B 2022, 126, 3563—3571


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.2c01269/suppl_file/jp2c01269_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01269?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c01269?fig=fig4&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c01269?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

Figure S. Histograms of the number of clusters as a function of the
number of molecules in a cluster. The insets show the distributions in
a wider range of cluster sizes. The average number of molecules in the
cluster is displayed in the right top corner of each panel.

(3) The width of the cluster size distribution decreases from
primary to tertiary alcohols, both for aliphatic and
phenyl types. However, for phenyl alcohols, the
distributions are much more limited for larger sizes.
The narrowest distribution is observed for the most
sterically hindered 2M1Ph2POH.

For aliphatic butanols, one can notice a preferential
number of molecules in the cluster (local maximum in
the distribution): five for nBOH, four to five for iBOH
and sBOH, and very pronounced four for tBOH. For
phenyl butanols, the number of molecules in the clusters

(4)

systematically decreases with increasing cluster size and
there is no privileged cluster size.

3.4. Spatial Models of the Molecular Structure. The
supramolecular organization evidenced by the cluster analysis
may be illustrated based on the optimized structural models.
To clearly visualize the clustering of the molecules, two-
dimensional planes cut from the three-dimensional models
were presented for selected butanols and their phenyl
derivatives in Figure 6, which summarizes the findings that
we intended to report in this paper. The selected model
fragments representing compounds from two series, aliphatic
and aromatic, illustrate their tendency to associate with
molecules. From this picture, one can see that nBOH
molecules group in big, longitudinal aggregates where HBs
arrange in the chainlike structures (Figure 6a). In comparison,
the clusters in tBOH are smaller with rather cyclic geometry
(Figure 6¢c). These findings are consistent with the previous
predictions of the architecture of H-bonded clusters for
butanol isomers. For example, based on the calculated cluster
size distributions, the average number of molecules contained
in the aggregates was around 13, 11, 11, and 4 for n-, sec-, iso-,
and tert-butanol, respectively.'” In other computational
works,”” the probability of finding monomers and pentamers
in n-butanol was the highest. In the case of tert-butanol, it was
predicted to form either cyclic tetramers'® or hexamers."* On
the other hand, Figure 6b,d shows the structures of phenyl
derivatives of nBOH and tBOH—4Ph1BOH and
2MI1Ph2POH, respectively. One may notice a striking
difference in the organization of molecules between these
two classes of alcohols. For phenyl alcohols, only small
supramolecular clusters are formed with a rather chaotic
chainlike organization of HBs. It results in a higher degree of
spatial disorder than in aliphatic alcohols where more extended

Figure 6. Two-dimensional planes cut from the optimized structural models of nBOH (a), 4Ph1BOH (b), tBOH (c), and 2M1Ph2POH (d). The
loops show clusters of H-bonds. The highlighted yellow areas show 77— structural motifs.
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networks of HBs direct the arrangement of molecules in the
space.

The models shown in Figure 6 verify also the hypothesis of
the 7---7/OH--7 interactions in the phenyl alcohols. In
archetypal aromatic benzyl alcohol, several z---m structural
motifs for dimers were reported, such as parallel or offset-
parallel stacked and perpendicular Y- or T-shaped.** For liquid
benzene, the distribution of the nearest-neighbor distances
between phenyl ring centers was predicted in the range of 4—7
A, depending on the offset and angle between the aromatic
planes. Taking these values as references for the z--x
interactions, it was possible to identify arrangements of
molecules in the studied phenyl alcohols meeting these
criteria. Such structural motifs were highlighted in the models
of phenyl butanols in Figure 6b,d. The z---7 configurations
were found to occur locally as dimeric of trimeric forms as well
as more extended aggregates of several molecules like the one
in the right top corner of Figure 6b. In most of these
configurations, the aromatic rings are not stacked in parallel
face to face but occur in offset and distorted Y- and T-shaped
arrangements. Concerning the predicted OH:--z bonds, only
very sporadic such structural motifs were identified in the
models of phenyl butanols. The whole optimized three-
dimensional models of all of the studied alcohols are included
in the Supporting Information as .pdb files. It should be
emphasized that the models do not directly prove the presence
of m---m-type interactions but demonstrate the possible
configurations of phenyl rings where such interactions would
be feasible. Usually, the interactions between aromatic rings or
between a functional group and an aromatic ring are not
described by general force fields implemented in the classical
molecular dynamics simulations. However, here, the GAFF
force field was used, which was developed for organic
compounds containing phenyl moieties, such as pharmaceut-
icals, proteins, and nucleic acids.>* Therefore, the aromatic ring
was distinguishable when calculating the molecular dynamics
with the GAFF force field—not at the atomic level but by a
different van der Waals bond strength.

It is also worth noting that different molecular conforma-
tions were observed in the optimized three-dimensional
models of the studied alcohols. The analysis of the molecular
conformations, based on the distributions of chosen angles
between three atoms in the molecule of each alcohol, is
presented in Figure SIS in the Supporting Information. It was
revealed that these distributions for primary and secondary
butanols as well as their phenyl derivatives are bimodal. The
two components of these distributions correspond to the
conformers with bent and linear geometries of molecular
skeleton, whereas tertiary butanol and its phenyl derivative
occur in only one conformation. That is reasonable taking into
account the geometry of these molecules and their rigidity. As
predicted, the broadest distributions of molecular conforma-
tions are observed for nBOH and its phenyl counterpart, which
are very elastic due to the flexible long alkyl tail and the
location of OH moiety at its end. Such a molecular structure
favors folding of the chain. The flexibility of the molecules and
the variability of their conformations facilitate the formation of
numerous HBs and big supramolecular clusters, as revealed in
the previous section.

4. CONCLUSIONS

Based on the experimental diffraction studies and molecular
dynamics simulations, the supramolecular structure of a series
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of isomeric butanols and their phenyl derivatives was
characterized in detail. The main novel contribution on the
topic of the supramolecular clustering of alcohols via H-
bonding is the quantitative analysis of the influence of phenyl
group attaching to molecules of the butanols on their
association ability, the H-bonding pattern, and the structure
of the supramolecular clusters. The results allow us to dispel
the doubts about whether the steric hindrance in the form of
phenyl moiety affects the ability of molecules to link through
H-bonds. It was demonstrated that the presence of the phenyl
group significantly decreases the number of H-bonds and the
size of the supramolecular clusters (the number of molecules
aggregated in the clusters), regardless of the location of the
OH group in the molecules. The detailed analysis of the
atom—atom structure factor contributions exhibited that the
presence of the pre-peak in the total structure factor of
aliphatic butanols is related to the medium-range order
correlations between the OH groups, while the lack of the
pre-peak for phenyl butanols is related to weaker O—O
correlations as well as the negative contribution coming from
the partial C—O correlations, which cancel out.

Furthermore, the analysis of the molecular clustering showed
that the distribution of the cluster size changes from broader to
narrower while the average number of molecules linked in
clusters decreases coming from primary to tertiary butanols.
The preference for a specific number of molecules organized in
the clusters was displayed, the most prominent for tBOH (4
molecules). In the case of phenyl butanols, clusters were on
average 3 times smaller (5—3 molecules) than in aliphatic
counterparts (7—16 molecules), with no preferable number of
molecules in the cluster size distribution. However, the trend
in the H-bonding and clustering properties for phenyl butanols
was similar to the series of aliphatic butanols.

Moreover, it was demonstrated that for primary and
secondary butanols and their phenyl counterparts, the
distribution of the molecular conformations is broad and
bimodal. The two components of these distributions
correspond to the conformers with bent and linear geometry
of molecular skeleton. Thus, the MD simulations showed that
the primary and secondary butanols are characterized by
higher flexibility of molecular skeletons compared to rigid
tertiary butanol. This factor, together with the location of the
OH group in the molecule and the presence of the phenyl ring
strongly affect the association ability of molecules through H-
bonds.

Finally, analysis of the structural models for phenyl butanols
allowed us to identify arrangements of molecules where 7---7
interactions may occur. Such structural motifs may prevent the
organization of molecules via H-bonds and enhance the
structural disorder. We believe the optimized structural models
of the studied butanols and their phenyl derivatives will be
helpful for the interpretation of their physical properties.
Particularly valuable will be a confrontation of these models
with the results of dielectric studies, which so far have yielded
many conflicting conclusions about the influence of the phenyl
group on the supramolecular association of alcohols and
molecular relaxation processes.
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1. Calculation of the pair distribution function

The total atomic pair distribution function is defined as follows:
G(r) = 4nr[p(r) — pol = 4nrpolg(r) — 1]. [SI1]

The physical meaning of p(r) is that 4mr?p(r)dr determines the number of atoms within the

spherical shell of the radius r and the thickness dr, and p, is the number density. g(r) = ?
0

gives the actual number density surrounding the reference atom and defines the structural
features at the atomic scale. G(r) was determined and calculated using the sine Fourier

transform of total S(Q):

G(r) =2 [ S(Q) sin(Qr) T2t mex dg, [s12]
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where the last fraction denotes the Lorch modification function reducing effects arising from

the finite value of the upper Q limit.

2. Details of the molecular dynamics simulations

Table SI1. Densities and molar masses of the investigated compounds as well as the lengths of
the cubic boxes containing 2000 molecules that were taken for the molecular dynamics
simulations.

compound | density | molar mass | box length
name [g/cm?] [9/mol] [A]
nBOH 0.81 74.123 67.233
4Ph1BOH 0.984 150.22 79.739
iBOH 0.802 74.123 67.456
2M3Ph1POH | 0.9841 150.22 79.736
sBOH 0.806 74.123 67.344
4Ph2BOH 0.98 150.22 79.847
tBOH 0.781 74.123 68.055
2M1Ph2POH | 0.974 150.22 80.010

It must be stressed out that other force fields, CHARMM27, OPLS-AA, AMBERGS, were also
tested with topology files generated by LigParGen server, but the models did not give satisfying
agreement with experimental diffraction data. The total charge of studied molecules was equal
to zero. The smoothed particle-mesh Ewald (SPME) method treated Coulomb and Van der
Waals interactions with cutoff at 20 A. The intramolecular bond lengths and angles were kept
flexible. The time step in simulations was 1 fs. At first, the energy minimization was performed
by the steepest descent algorithm for 2-10° steps. Then, equations of motion were integrated for
2 ns using a velocity Verlet algorithm. The temperature was maintained by the Nose-Hoover

thermostat, the time constant for coupling was 0.1 ps.
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3. The comparison of the experimental and theoretical total atomic pair

distribution functions

Apart from the structure factors, the intramolecular and short-range intermolecular
correlations can be also probed by the first few peaks of the atomic pair distribution functions
presented in Figure Slla, while longer-range correlations are shown in Figure Sl1b. The
positions and amplitudes of G (r) peaks derived from simulations are in very good agreement
with experimental data in the whole range of r. The model-based functions reconstruct also the
differences in the damping of the G(r) peaks for long r between the aliphatic and phenyl
butanols. It is clear from Figure SI1b that the former butanols are characterized by longer range
intermolecular correlations, extending up to around 30 A. In turn, for phenyl butanols there are
no oscillations beyond around 20 A. It indicates suppression of the longer-range intermolecular
order by the presence of an aromatic ring. In an attempt to understand these observations more
deeply, as a trace of the supramolecular aggregation, the data derived from the MD models are

further analyzed.
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Figure SI1. Experimental (colored lines) and simulated (black lines) total pair distribution
functions G (r) of investigated butanols in the region of short (a) and longer (b) distances r. The
curves are shifted by 4, starting with 2M1Ph2POH in panel (a). In panel (b), the curves are
shifted by 0.5, beginning with 2M1Ph2POH.
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4. Partial radial distribution functions

The partial radial distribution functions g;;(r) determined between pairs of atomic species

in the system, where the indices i and j run over N different atom types, are shown in Figure

SI2. The goo (r) function is presented in the article in Figure 4.
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SI2. Partial radial distribution functions g;;(r) obtained from the optimized structural models

of butanol isomers and their phenyl derivatives.

5. The analysis of hydrogen bonds and supramolecular clusters

The definition of supramolecular cluster depends crucially on the criteria qualifying how
two molecules are linked to each other. Here, H-bonding links are considered. In the case of the
studied alcohols, the HBs occur between the electronegative oxygen atom O in one molecule
and the positive hydrogen atom H' attached to the oxygen O' from neighbouring molecule. This

way the linked molecules may form supramolecular clusters of diverse architectures. The
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number and size of the clusters depend strongly on the connectivity geometrical restrictions
concerning the distance and angle between the atoms forming the O'-H"--O connections, so on
the number and geometry of HBs. The maximal distance between O' and O atoms participating
in H-bonding is usually taken as a value of the first minimum in the g, (r) function'=3. In
many papers the value of 3.5 A is set™*® while for the H'—O'-O angle criteria the upper value
of 30° or no angle restrictions are the most often applied*3®7. In Supporting Information in
order to test how the angular criteria are sensitive for estimation of the HBs number, three
ranges for H'-O'-O angle were considered: 1) < 30°, 2) < 60° and 3) < 90°. Simultaneously,
the upper limit for HB distance was set as the first g, (r) minimum of 3.5 A for all butanols
(as shown in Figure 3b). The results of the total number of HBs existing in the models and
numbers of lone molecules, assuming the above conditions, are presented in Figure. Taking the
same conditions, the average HB angles and the HB distances were calculated and are depicted

in Figure Sl4.
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Figure SI3. Fluctuations of the number of all hydrogen bonds (a) and unbounded molecules
(b) for last 500 steps of molecular dynamics simulations of the investigated systems calculated
for three H’—O'-O angle restrictions: < 30°, < 60°, <90°, and O'-O distance restriction < 3.5

A
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Figure S14. Average values (top panel) of the distributions (bottom panel) of hydrogen bond
(HB) distance and angle, for three H’-O'-O angle restrictions: 1) < 30°, 2) < 60°, and
3) < 90°, and O'-O distance restriction < 3.5 A. The average values were obtained as central

positions of the distributions fitted with Gauss function.

6. Molecular conformations

In the optimized 3-dimensional models of the studied alcohols, different molecular
conformations were observed. In order to analyze them, we chose the angle between three atoms
in the molecule of each alcohol, which strongly depends on the molecular conformation. Figure
SI5 depicts the distributions of these angles for all simulating systems composed of 2000
molecules. In Figure SI5 also the angles corresponding to the maxima of thee angular
distributions for aliphatic butanols were graphically marked by orange lines on the models of
molecular conformers. For phenyl butanols the same angles were defined as for their aliphatic

counterparts. These angles refer to the same atoms in aliphatic alcohols and their corresponding
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phenyl counterparts, independently of the phenyl ring, while the phenyl ring is a rigid part of
the molecule. The presented distributions disclose that the molecules used for MD simulations
resided in one molecular conformation since the simulation box was created as a set of 2000
molecules having the same geometry. After the simulations, in turn, two characteristic types on
molecular conformations appeared for primary and secondary butanols as well as their phenyl
derivatives. Whereas, tertiary butanol and its phenyl derivative occurred in only one, starting
conformation. That is reasonable taking into account the geometry of these molecules and their
rigidity. The distributions of the selected intramolecular angles after simulations are much
broader than the starting ones as the MD causes fluctuations of the atomic positions. The
broadest distributions with two maxima at around 100° and 130° are observed for nBOH and
its phenyl counterpart, which are the stretchiest due to the flexible long alkyl tail and the
location of OH moiety at its end. Such a molecular structure favors folding of the chain. The
area under the peak with the maximum for the smaller angle is bigger, suggesting that there are
more nBOH molecules with bent geometry of the alkyl tail than with more linear skeleton. Such
finding is consistent with previous conformational studies of nBOH by the vibrational
spectroscopy and ab initio calculations, which suggested that in the liquid nBOH molecules
take diverse conformations®. In turn, for iBOH and sBOH, as well for their phenyl counterparts,
two distinct conformations appear with a majority of molecules with the smaller angle that refer
to starting atom positions. The flexibility of the molecules and the variability of their
conformations facilitate the formation of HBs and bigger supramolecular clusters, as revealed

in the previous section.
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Figure SI5. Distributions of selected intramolecular angles in the studied alcohols before and
after MD simulations. The distributions are normalized to 1, but the range of the vertical axis
is limited to 0.2 to emphasize the results after MD optimization. The insets show the
characteristic molecular conformations for aliphatic butanols with the preferred angles, marked

with orange lines, which correspond to the maxima in the distributions.

7. The results of simulations with a longer time and a bigger box size

In order to test the correctness of the chosen simulation time and box size, we performed
simulations for the same box size of 2000 molecules but with a longer time of 10 ns as well as
for a time of 2 ns but with a bigger box size of 16000 molecules for one of the studied alcohols
- isobutanol. The obtained results in the form of: the structure factors, histograms of the number
of clusters as a function of the number of molecules, oscillations of the average number of
molecules in the clusters with time, distributions of the molecular conformations based on the
selected intramolecular angle and oscillations of the angle with the simulation time are
presented in Figure SI6-10, respectively. The obtained results demonstrate that the simulation
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time of 2 ns and the box size of 2000 molecules are enough to obtain stable and statistically-

averaged structural properties.
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Figure SI6. The comparison of the total structure factors calculated for three models of
isobutanol with different parameters: 1) simulation time of 2 ns and box size of 2000 molecules;
2) simulation time of 10 ns and box size of 2000 molecules; 3) simulation time of 2 ns and box

size of 16000 molecules. The inset shows that these three structure factors overlap each other.
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Figure S17. Histograms of the number of clusters as a function of the number of molecules in
the clusters for isobutanol. The results obtained based on three optimized models with: 1)
simulation time of 2 ns and box size of 2000 molecules; 2) simulation time of 10 ns and box

size of 2000 molecules; 3) simulation time of 2 ns and box size of 16000 molecules.
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Figure S18. The oscillations of the average number of molecules in the clusters of isobutanol
in time for three models: 1) simulation time of 2 ns and box size of 2000 molecules; 2)

simulation time of 10 ns and box size of 2000 molecules; 3) simulation time of 2 ns and box

I 2ns .
0.04 ' 2000 molecules IBOH
0.02

0 1 2 L 1 1 1

size of 16000 molecules.

c
o [ 10 ns )
s 0.04F 2000 molecules IBOH
O
— 0.02F
)
'(2 0 . [ [ 1
© 2ns
L iBOH
0.04 16000 molecules
0.02F
0 1 o 1 P 1 - [ 2 1

80 100 120 140 160
angle [°]
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Molecular dynamics simulations supported by x-ray-diffraction experimental data were utilized to demon-
strate how replacing the cyclic ring with the phenyl one in molecules of alcohols significantly differentiates their
nanostructure by reducing the number of H-bonded clusters. Besides, molecules in the phenyl alcohols associate
themselves in clusters via phenyl ring organization which likely is the result of OH - - - 7 and 7 - - - 7 interactions.
Thus, at room temperature, the supramolecular structure of phenyl alcohols is more heterogeneous and governed
by the formation of various clusters arising due to three types of interactions, while in cyclic alcohols, the
H bonding controls the association of molecules. We believe that our methodology could be applied to better
understand the fundamental process of association via H bonding and the competitive aggregation caused by

phenyl rings.

DOI: 10.1103/PhysRevE.108.024603

I. INTRODUCTION

The process of supramolecular aggregation on the
nanoscale is the subject of extensive studies as it plays an
important role in the properties and reactions of building
blocks of living organisms such as proteins, polysaccharides,
nucleotides in DNA chain, and other large biomolecules
[I-7]. One of the most important driving forces for the
supramolecular nanostructuring in biological systems are hy-
drogen bonds and 77 interactions of aromatic groups. These
forces are considered while designing supramolecular solid-
state architectures of self-assembled drug-delivery systems
[8,9]. Therefore, knowledge of the organization of molecules
in systems where hydrogen bonds and aromatic ring interac-
tions cooperate is important for both fundamental science and
technical applications. However, while the characterization
of the structure of macromolecular complex systems is very
demanding, more impact needs to be placed on simple model
systems. Such a group is alcohols that create supramolecular
clusters, in the size of a few nanometers, via hydrogen bonds
formed by hydroxyl groups of molecules. Furthermore, the
chemical structure of alcohols can be easily altered by attach-
ing various functional groups. Especially, the hydrogen bond
network can be suppressed when a steric hindrance, e.g., a
carbon ring, is introduced in the neighborhood of the OH
group [10,11]. However, up to now, there have been many
misconceptions about how the association changes when the
aromaticity of the functional groups is substituted.
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Recent combined dielectric and photon-correlation spec-
troscopy studies conducted on alcohols with attached phenyl
groups suggested that the formation of supramolecular clus-
ters promoted by hydrogen bonds is not suppressed in those
compounds compared to their aliphatic counterparts, but their
architecture varies from chain- to ringlike shapes as the phenyl
ring moves closer to the hydroxyl group [12]. In turn, a se-
ries of our recent papers based on dielectric, infrared, and
diffraction investigations present a rather different view on
the association of molecules in phenyl alcohols. Namely, we
suggested that the phenyl ring may excite the organization
of molecules via OH 7 interactions and, as a consequence
of this, cause a diverse packing of molecules on the short-
and medium-range scale [13]. Moreover, we demonstrated
that the population of hydrogen bonds is more abundant in
cyclic (aliphatic) than phenyl (aromatic) compounds [14].
Furthermore, using computer simulations, we revealed that
despite the lack of the diffraction prepeak, which was proved
to be a fingerprint of the organization of hydroxyl groups
into associates, phenyl alcohols tend to create small H-bonded
clusters [15].

In this paper we use molecular dynamics simulations sup-
ported by x-ray diffraction to fill the gap in understanding
the intermolecular structure of phenyl and cyclic alcohols
in the liquid state at ambient conditions. The very good
compliance between the experimental and molecular dynam-
ics data prompted us to analyze the optimized structural
models in detail using computational methods. We also con-
firmed our findings in experimental results of infrared and
dielectric spectroscopy. Investigations on the compounds were
performed at room temperature, as these conditions are the
most suitable to track differences in the degree of asso-
ciation and intermolecular arrangements between aromatic

©2023 American Physical Society
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FIG. 1. Structure factors obtained from experiment (colored
solid lines) and simulations (black dotted lines) for all investigated
compounds. Models of their molecules are shown in upper part of
graph as composed of two parts: alkyl chain (1 — or 2 -) and a
hexagonal ring (C — cyclic, P — phenyl) with a connection linking
both parts marked in yellow.

and nonaromatic H-bonded systems [10,11,13]. Namely, at
room temperature, hydrogen bonds dominating in alcohols are
weaker than at low temperatures and it is feasible to observe
other interactions resulting from phenyl moiety.

II. METHODOLOGY

The investigated liquids are two isomers of phenyl al-
cohols: 1-phenylethanol (1P) and 2-phenylethanol (2P) with
formula CgH;pO, and their nonaromatic counterparts 1-
cyclohexylethanol (1C) and 2-cyclohexylethanol (2C) with
formula CgH;¢0, shown in the inset of Fig. 1. All compounds
were purchased from Sigma-Aldrich. The difference between
secondary (1) and primary (2) alcohols is in the positions of
hydroxyl group relative to the carbon ring in the molecule. For
simplicity, in the rest of the paper, the molecules with cyclic
substituent will be called “cyclic” (C), while the aromatic ones
will be alternatively called “phenyl” (P). The C and P alcohols
in 1 and 2 configurations vary in the type of hexagonal carbon
ring possessing very similar intramolecular architecture.

The experimental results were obtained at room temper-
ature by wide-angle x-ray diffraction with Ag anode and
normalized to the structure factor form (diffraction intensity
per one atom). More details on the apparatus are contained in
Ref. [15]. Molecular dynamics (MD) simulations were carried
out using GROMACS package (version 2020) [16-18] at the
NVT ensemble of 2000 molecules, at temperature 293.15 K.
Topology files were created using the Antechamber module
(AMBERTOOLS21) [19], and GAFF force field was used, which
was developed for simulating organic compounds containing
phenyl moieties [20]. Other parameters were analogous to
those used in our previous paper [15]. Trajectories were col-
lected after 2 ns of equilibration, from time of 2 ns. TRAVIS
software [21-23] was used to calculate model-based structure
factors, radial distribution functions, and combined functions
of angular distribution versus radial distribution.

III. STRUCTURE PROPERTIES

The structure factors presented in Fig. 1 show very good
compliance of the MD simulations with experimental re-
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FIG. 2. Model-based radial distribution functions between cen-
ters of molecule masses, cm-cm, (top panel), as well as between
first or fourth carbon atoms in rings, Cg_Cg; fourth carbon atom in
ring and hydrogen atom attached to oxygen, Cry-Ho; oxygen and
hydrogen attached to oxygen, O-Hp.

sults. Based on the data, one can see that the intermolecular
structure of phenyl compounds 1P and 2P, manifested in
low-scattering vectors up to ~ 2.25 A~ differs significantly
from that of cyclic counterparts 1C and 2C. The main diffrac-
tion peak of the aromatic systems is broader and has a
clearly lower intensity in comparison to the aliphatic coun-
terparts. That indicates a bigger disorder and heterogeneity
of the nearest-neighbor intermolecular structure of phenyl
alcohols. In turn, cyclic alcohols have clearly separated two
values of the scattering vector in the range of intermolecular
correlations: main-peak at ~ 1.4 A~' and weaker prepeak
at ~ 0.7 A=, In real space, those translate to periodicities
existing between nearest-neighbor molecules and groups of
bonded molecules, respectively. What is interesting, the struc-
ture factor of phenyl compound 1P is also characterized
by a weak prepeak at a similar position while for 2P the
prepeak seems to be completely damped. On the molecular
level, in 1P the distance between hydroxyl group and phenyl
ring is 1 carbon atom while, for 2P, 2 carbon atoms sep-
arate the functional moieties. Therefore, one may expect a
stronger steric hindrance on H bonding by the carbon ring
in the case of 1P than 2P (and 1C than 2C). A detailed
explanation of the prepeak feature is provided based on the
simulated partial atom-atom structure factors in Supplemental
Material [24].

Using the spatial organization of molecules optimized by
the MD simulations, the radial distribution functions (rdfs)
were calculated. Figure 2 shows the selected partial rdfs in
the range of distances up to 4.5 A, where the intramolecular
and short-contact intermolecular correlations give the main
contribution. The intensity of the rdf peaks is proportional to
the probability of finding two atoms (or groups of atoms) in
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FIG. 3. Histograms of concentration of clusters obtained from optimized structural models as function of number of molecules associated
in (a) H-bonded clusters, (b) ring clusters, and (c) OH-ring cluster. Average numbers of molecules in all types of clusters for all studied alcohols
are depicted in legends on graphs. Distributions for higher values of molecules in a cluster are enclosed in separate graphs below. Criteria used

for definition of all types of clusters are presented in insets.

the system at the given distance. A clear difference is visible
again between the phenyl and cyclic alcohols. The former
class is characterized by shorter distances between centers of
molecular masses (cm-cm). This observation supports the fact
that molecules in phenyl alcohols are more densely packed
and have bigger molar density than their cyclic counterparts
(see Supplemental Material [24] for density measurements).
However, the differences in the packing of molecules between
both types of alcohols can also originate from the distinct
aggregation and stacking of phenyl and cyclic carbon rings.

In order to investigate this issue in more details, the Cgr_Cg
radial distribution function, which covers the correlations
within and between the carbon rings, was calculated (Fig. 2).
CR is the first carbon linking the ring with the tail of molecule
and Cg; lies in the opposite position in the ring; see the
scheme in Fig. 3. The Cr_Cg rdf follows a similar course
above around 3 A as the cm-cm function. The additional peak
at the distance of around 2.8 A, absent in the cm-cm function,
originates from the intramolecular Cgr;-Cr, distances (ring
diameter). It may be noticed that the diameter is slightly
greater for more flexible cyclic molecules. The broad bump
in the Cr_Cr function with maximum at around 6 A, arising
from the intermolecular correlations between carbon rings,
is clearly shifted towards smaller distances for phenyl than
cyclic alcohols. It raises the question about the arrangement of
molecules at short distances, whether it is similar for phenyl
and cyclic rings, or whether the effect of speculated 77 or
OH 7 interactions in the aromatic alcohols alters the struc-
tural organization.

The possible OHm interactions would alter the ar-
rangement of molecules in such a way that OH group of
one molecule approaches the carbon ring of a neighboring
molecule. Therefore, in order to detect such alignments we
calculated the Cg,-H, radial distribution function between
the terminating carbon atom in the ring and hydrogen atom
attached to oxygen. The average distance between the Hg

and Cg, atoms within the investigated molecules is bigger
than 4 A. Thus, the appearance of Cgrp-H, correlations at
smaller distances would appear for an organization of Cro-H,
atoms belonging to neighboring molecules. Indeed, a clear
maximum at around 2.5 A appears in the Cgrp-H, distribution
function (marked in Fig. 2), but only for phenyl alcohols 1P
and 2P. Thus, it confirms the spatial correlations of molecules
where the OH~m interactions may occur. The distance is
in the range of OH~x interaction reported in the literature
(2.3-3 A) [25,26].

Moreover, the O-Hgp radial distribution function, taking
into account oxygen atoms and the hydrogen atoms attached
to oxygens, is shown in the bottom panel of Fig. 2. It pro-
vides information about the spatial correlations of molecules
connected by hydrogen bonds. The first peak of this function
at a distance of around 1 A results from the intramolecular
O-Hg connections. Further peaks can be assigned to the inter-
molecular distances. For all of the studied alcohols, the next
maximum of the O-Ho function appears around 1.8 A and
has a similar shape, suggesting that the pattern of H bonds
and their strength does not differ significantly between the
cyclic and phenyl alcohols. However, the intensity of this peak
is clearly higher for cyclic compounds indicating a higher
concentration of hydrogen bonds in those systems. The dis-
tance in which the intensity of O-Hgp peaks fades is around
2.69 A for all samples. Therefore, that value can be taken as
the maximum O-Hg distance in the hydrogen-bonding pattern
for all modeled systems.

All these results explain well some peculiarities observed
in infrared spectroscopy studies on these compounds (see Fig.
S2 in Supplemental Material [24]). In fact, Fourier trans-
form infrared (FTIR) spectra of 1C and 2C contain a single
broad OH stretching band which points to almost full asso-
ciation of OH groups [27]. Maximum of this band is shifted
towards lower wave numbers for 2C, which (following pre-
vious reports) may indicate bigger H-bonded aggregates at
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room temperature compared to the 1C isomer. Contrary to the
cyclic alcohols, room-temperature FTIR spectra of the phenyl
analogs, beside OH stretching band, contain less-intense band
which, following previous reports [8,9,11], we attribute as a
stretching mode of the OH groups involved in OH-7 inter-
actions. Hence, its occurrence in the case of phenyl alcohols
indicates that they associate to some extent by OH-m forces
and therefore their degree of intermolecular association via
hydrogen bonds at room temperature is lower than for cyclic
alcohols. Additionally, higher full width at half maximum of
the OH stretching band of phenyl alcohols confirms more
heterogeneous distribution of the H-bonded agglomerates.

IV. CLUSTER ANALYSIS

The presented structural correlations between atoms be-
longing to different molecules prove the supramolecular
organization of the studied alcohols. However, the cluster-
ing pattern is significantly different between molecules with
cyclic and phenyl rings. In order to deepen the analysis of
the obtained models, the number of molecules in various
supramolecular clusters was calculated using the gmx_cluster
program in GROMACS package. Three types of clusters were
considered.

The first type of clustering is prompted by the H bonding.
The criterion for a molecule to be associated in the cluster
linked by H bonds was taken as the distance between O
and Ho atoms of neighboring molecules smaller than 2.69 A,
based on the cutoff of the O-Hgp radial distribution func-
tion (ticked in Fig. 2). That distance also covers the usual
H-bonding criteria, which are O-OH angle < 30° and O-O
distance < 3.5 10\, based on the triangle relation. As can be
seen from the cluster distributions in Fig. 3(a), for 2P and 1P
the number of molecules unassociated in H-bonded clusters
(single molecules) is much higher (~ 10%) than for cyclic
compounds (~ 2%). Thus, the proposed models exhibit a
destructive effect of carbon-ring aromaticity on the H-bond
connections. As can be retrieved from the average number of
molecules in such clusters, the alcohol that creates the largest
H-bonded clusters is cyclic 2C (12 molecules), then 1C (6
molecules), and the smaller clusters, composed of 3 molecules
on average, form 2P and 1P. The determined average cluster
size is strongly dominated by large clusters, occurring espe-
cially in the cyclic alcohols. Thus, the most probable cluster
size, which is 5-6 and 4 molecules for 2C and 1C, respec-
tively, provides a more realistic picture of these structures.
Moreover, the effect of the steric hindrance induced by the
location of the OH group in the short distance relative to the
carbon ring is significant in the case of cyclic alcohols: 1C has
more unassociated molecules and creates smaller clusters of
H-bonded molecules, on average, than 2C. In turn, for phenyl
alcohols, the position of the OH group has much smaller
impact on the average size of H-bonded associates.

The second type of clusters analyzed in the optimized
models concerned the organization of carbon rings—we will
call them “ring clusters.” The above-presented cm-cm and
Cgr-Cr radial distribution functions demonstrated significant
differences in the structuring of rings between the cyclic
and phenyl compounds. As a criterion for the ring cluster,
the maximum distance between Cgr; or Cgr, of all atoms in

molecules was taken as 4 A for phenyl compounds and 4.14 A
for cyclic ones (ticked in Fig. 2). These values were chosen to
be higher than ring diameter and at the lower limit of cm-cm
distance. The value for cyclic alcohols was increased, taking
into account the density proportion (~ 0.92 g/cm?® for cyclic
and ~ 1 g/cm? for phenyl compounds). It is worth noting that
similar 777 interaction distance, around 3.8 /0%, was found in
the face-to-face alignment of phenyl-ring centroids [28]. The
histograms of the ring clusters are shown in Fig. 3(b). Accord-
ingly, 40% of all cyclic and 60% of all phenyl molecules are
associated in ring clusters. Dimers are the most abundant type
of ring associates—involving above 10% of phenyl molecules.
In turn, the ring dimers in cyclic alcohols constitute below
10% of all molecules and the concentration of bigger ring
clusters is negligible. The average number of molecules in the
ring cluster (1.6 for phenyl and 1.3 for cyclic alcohols) sup-
ports the idea that phenyl alcohols exhibit a stronger tendency
toward ring organization than cyclic alcohols, caused by their
ability to form 77 interactions.

The third type of cluster is induced by OHm arrange-
ment and called “OH-ring cluster.” In order to calculate the
distribution of this cluster we chose carbon atom Cg, and
hydrogen next to oxygen H,, the same as presented in the
rdf function, with the limit value of 2.8 A (ticked in Fig. 2).
The obtained results in Fig. 3(c) show that this type of cluster
does not occur in cyclic compounds, while in phenyl ones
they are significant (constitute around 20%). A little bit higher
probability of such OH-ring cluster exists for 1P than for 2P,
which has more favorable location of OH group for this kind
of cluster arrangement.

In order to illustrate the spatial organization of molecules
in the investigated models, the selected plane cuts of the simu-
lation boxes are presented in Fig. 4. For a clear presentation of
the discussed H-bonded and ring clusters, molecular skeletons
without H atoms are shown in the left column while in the
right column neat OH groups were extracted. For 2C alcohol,
one can see that OH groups link into long chains the size
of a few nanometers. There are no visible free molecules.
The structure of 1C consists of shorter OH chains and other
small clusters. From the histogram [Fig. 3(a)] one can see
that 1C has a tendency to group into four molecules, which is
confirmed in the picture of the organization of molecules and
H bonds in Fig. 4. In the case of phenyl compounds 1P and
2P, there are only short H-bonded chains of few molecules,
and many molecules are not linked with each other.

A closer look at the models allows us to notice that the ag-
gregation of carbon rings is a characteristic feature of phenyl
compounds. There is a great diversity of the arrangements
adopted by molecules in such ring-ring clusters: 7T type,
parallel, offset parallel, and perpendicular shaped, which are
marked in light orange in Fig. 4. Similar configurations were
reported for benzene—the archetypal aromatic system exhibit-
ing mm interactions [29]. Besides the molecular layouts
supporting the existence of 77 interactions in phenyl alco-
hols, the models also exhibit the arrangement of molecules
where OH 7 interaction may occur (see clusters marked in
light pink in Fig. 4). On the other hand, such arrangements in
the models of cyclic alcohols are rare and incidental.

These outcomes explain well the differences in dielectric
response of alcohols with cyclic and phenyl rings. Namely,
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FIG. 4. Two-dimensional planes cut from the optimized structural models of cyclic and phenyl alcohols. (Left) Skeletons of molecules
without hydrogen atoms are presented for clarity. In next column, only OH groups extracted from molecules are displayed. Centroids of
molecular fragments fitting in planes are presented in each case. Therefore, these two representations differ in number of visible O and OH
groups. For 1P and 2P possible w7 and OHx related arrangements are marked in light orange and pink, respectively. (Right) Combined
functions of angular distribution Cg,O-Cg,O vs O-O radial distribution. Purple arrows mark molecules’ chosen vectors in insets.

a characteristic feature of MD of alcohols is the Debye
process, which reflects the mobility of the supramolecu-
lar nanostructures with a nonzero resultant dipole moment
[27]. It was observed that a well-separated Debye peak
of a high amplitude characterizes the dielectric spectra
of alcohols with cyclohexyl ring (including 1C and 2C)
[13,14]. In turn, dielectric spectra of aromatic alcohols
such as 1P and 2P contain broadened Debye peaks of
relatively low amplitude, additionally characterized by a
small separation from the structural relaxation [10,13]. Our

studies show that these features are strictly connected with
the small size of H-bonded clusters, as well as more heteroge-
neous supramolecular nanostructure due to 77 and OHm
arrangements.

Finally, we investigated the mutual alignment of molecules
in their theoretical models derived from MD simulations. The
intermolecular angular distributions of the selected vectors
with reference to the intermolecular oxygen-oxygen distance
were derived using TRAVIS software (Fig. 4). Vectors of
molecules start from the terminating carbon atom Cg, and
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end in the most electronegative oxygen atom O (see inset
of Fig. 4 for visualization of the vectors). From graphs pre-
sented in Fig. 4 one can clearly notice the highest intensity
in distributions for cyclic compounds. That is in line with the
fact that these compounds tend to associate strongly through
hydrogen-bond interaction and therefore give the highest con-
tribution to O-O rdf function. The difference is, however,
visible in the angular distribution of intensity. The nearest
molecules in 2C tend to align antiparallel, which confirms the
chainlike type of H-bonded clusters. In 1C the dominating
vectors’ angle covers the range of 100°—180° that is most
likely the result of the formation of more branched systems
of H bonds in clusters. The phenyl equivalents mimic the
angular distributions of cyclic compounds. Most likely to cre-
ate branchedlike cluster formations is 1P; 2P molecules with
the highest intensity of 180° tend to stack in the antiparallel
manner.

The above statements are in agreement with the behavior
of Kirkwood-Frohlich correlation factor g, which is the pa-
rameter providing information on cross correlation of dipole
moments between adjacent molecules (see our results in Fig.
S3 in Supplemental Material [24]). Value of g > 1 indicates
parallel arrangement of dipole moments (chainlike structure)
while g; < 1 suggests negative cross correlation (circular
structure). As presented in Fig. S3, there are clear differences
in g; between the studied alcohols at room temperature. Un-
der these conditions, the nonaromatic 2C distinguishes itself
by the highest value of g; (which exceeds 2), suggesting
the preferred chainlike organization of molecules within the
aggregates. Alcohols 1C and 2P are characterized by lower
value of g, indicating less occurrence of linear structures and
more heterogeneous or branched ones. In turn, the sterically
hindered aromatic 1P alcohol is characterized by the lowest gi

value, close to 1, which suggests a heterogeneous alignment
of adjacent dipole moment vectors.

V. SUMMARY

To sum up, we probed the structure of two isomers of
simple cyclic alcohols and their phenyl counterparts to de-
scribe in details their supramolecular nanostructure. It was
demonstrated that cyclic compounds tend to associate into
long H-bonded chains. In phenyl alcohols, the association
by H bonds is damped compared to cyclic compounds while
additional phenyl ring aggregation, related to 777 and OH 7
interactions, arises. The model of the structure of phenyl
compounds consists mostly of dimeric and trimeric H-bonded
clusters and dimers aggregated by the aromatic rings or by
the ring and OH group. Our results explain at the molec-
ular level some previous assumptions derived by infrared
studies (formation of OH 7 interactions) and dielectric spec-
troscopy (occurrence of the Debye process, the behavior of the
Kirkwood-Frohlich factor) for phenyl and cyclic compounds.
We believe the provided pictures of the structure of such
model compounds will be vitally useful to better understand
the structural properties of complex systems where multiple
weak interactions, such as hydrogen and 7—x bonds, partici-
pate in the formation of the supramolecular nanostructure.
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1. DIFFRACTON PRE-PEAK FEATURE

The peculiar pre-peak feature was also observed in the diffraction data for some other
phenyl alcohols in our previous articles. In [1] we showed that 1-phenyl-1-propanol and 1-
phenyl-2-propyn-1-ol display a visible pre-peak unlike their isotopes 3-phenyl-1-propnaol and
3-phenyl-2-propyn-1-ol (having three carbon atoms between ring and OH group) exhibiting
only one broad diffraction maximum up to ~ 2 A, Moreover, various alcohols with the phenyl
ring and OH group separated by one carbon atom (1-phenylethanol, 1-phenyl-1-propanol, 1-
phenyl-1-butanol, 2-methyl-1-phenyl-1-propanol), considered in the paper [2], demonstrated
the appearance of the diffraction pre-peak. In contrast, the X-ray scattering data for phenyl
alcohols investigated in [3] with two (2-methyl-1-phenyl-2-propanol), three (2-methyl-3-
phenyl-1-propanol, 4-phenyl-2-butanol), or four carbon atoms between hydroxyl group and
carbon ring (4-phenyl-1-butanol) were reported with no evidence of a clear pre-peak feature.

Due to the fact that the entire pre-peak in the total structure factor is often the result of
partially canceling contributions between the partial structure factors, the interpretation of the
pre-peak intensity from the experimental total diffraction data is not trivial. The models
obtained herein from computer simulations were used to calculate theoretical values of the
partial atom-atom contributions to the total structure factors for the investigated alcohols. The
0-0 and C-O partial structure factors, depicted in Figure S1. give the highest contribution
among all atom-atom functions to the total structure factor in the pre-peak region. Moreover,
the O-O correlations, which are referred to the periodicity between H-bonded clusters in real
space, are more intense for cyclic alcohols than for their phenyl counterparts. Looking at the
C-O structure factor in the same range, an interesting dependence can be seen — it has local
minima for 2C and 2P, while 1C and 1P have almost no oscillations in this region. Summing
all partial contributions (O-O, C-O and remaining C-C, C-H, H-H and O-H), one can get the
shape of the total structure factor with the resultant pre-peak or its lack. The compounds can be
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ordered by the falling intensity of the pre-peak in total structure factor: 1C (strong O-O
maximum), 2C (strong O-O maximum but C-O minimum), 1P (weak O-O maximum) and 2P
(weak O-O maximum and C-O minimum). In 2P, the contributed partial functions cancel each
other in the region of the pre-peak and this feature cannot be observed in the total experimental
data. A similar situation takes place in the previously investigated phenyl compounds where
molecules are characterized by two or more carbon atoms placed between phenyl and OH
groups - the negative C-O contribution cancels out the positive O-O bump. As a result, no pre-
peak is observed in the experimental structure factor for these compounds.
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S1. Total (sum) and selected partial (O-O, C-O) structure factors in the low scattering vector
range, calculated based on alcohol’s models obtained from molecular dynamics simulations.

2. EXPERIMENTAL INFRARED SPECTRA

FTIR measurements of alcohols 1C, 2C, 1P and 2P were performed at room temperature
(298 K) by means of Thermo Scientific 1IS50 spectrometer equipped with a standard source. In
order to maintain sample thickness, a small quantity of each alcohol was placed between CaF»
glasses spaced 1 um apart. The spectra were captured in absorbance mode within the range of
400 - 4000 cm? range. Each spectrum was generated from the accumulation of 16 scans with a
spectral resolution of 4 cm™. Following data acquisition, the baseline was adjusted, and water
and carbon dioxide corrections were applied during the post-processing. Data are presented in
the Figure S2.
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S2. Infrared spectra measured for all four alcohols. Single broad band in the 3100 — 3600 cm
spectral region is OH stretching band, less-intense band centered above 3550 cm™ is a stretching
mode of the OH groups involved in OH-r interactions.

3. EXPERIMENTAL KIRKWOOD FACTOR

In order to calculate the Kirkwood factor for the alcohols in question, we perform density,
refractometry and broadband dielectric measurements as a function of temperature.

Dielectric studies of alcohols 1C, 2C, 1P and 2P were performed at various temperatures in
the frequency range spanning 107 - 10° Hz. A Novocontrol BDS spectrometer equipped with
an Alpha Impedance Analyzer was utilized for measurements between 10 and 10° Hz. The
capacitor implemented in these measurements consisted of two parallel stainless-steel plates,
each with a 10 mm diameter, spaced by two glass fibers of 100 um thickness and sealed with
a Teflon ring. In turn, capacitor featuring two gold-plated electrodes (5 mm in diameter) spaced
by 0.06 mm was used for the high-frequency (108-10° Hz) dielectric measurements. In this
frequency range, measurements were conducted by means of the Agilent 4291B impedance
analyzer connected with the Novocontrol GMBH system. Quasi-static conditions were
maintained throughout the studies, with temperature stabilized by nitrogen gas and controlled
by Quatro Cryosystem with precision better than 0.2 K. using the Quatro Cryosystem. The
temperature was stabilized using Quatro Cryosystem with a precision better than 0.2 K.
Measurements of the aforementioned alcohols were conducted only above their glass transition
temperature with a step of A7 = 2K.

Mettler Toledo refractometer RM40 with a Peltier thermostat was utilized for refractometric
studies of 1C, 2C, 1P and 2P in their liquid state. Measurements were conducted between 293
and 353 K with a resolution of 0.0001. During them, temperature was controlled with precision
better than 0.1 K. Refractive index n was measured for all samples.

A vibrating-tube densimeter DMA 4500 M (Anton Paar, Austria) was utilized to determine
the density (d) of alcohols 1C, 2C and 2P at various temperature conditions. Before
measurements, the apparatus was calibrated in accordance with the manufacturer's
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recommendations, employing dry air and redistilled water. Furthermore, automatic correction
for viscosity-related errors was applied throughout the full range, and this was tested with the
oil N100 at 293.15 and 323.15 K. Temperature-dependent measurements of the alcohols
mentioned before were conducted at intervals of 10 K in-between 283 - 363 K, with a minimum
of two independent values recorded at each temperature. The standard uncertainties associated
with p and T were u(p) = 0.002-d and u(T) = 0.01 K, respectively. Densities at room
temperatures were accordingly 0.92 (2C), 0.92 (1C), 1.02 (2P), 1.01 (1P) g/cm?.

Kirkwood factor was defined by the mathematical formula: : g, = 9"381‘\’]1:1;;‘8258_5‘(9:2?28;2””),
where kg is Boltzmann’s constant, M - molar mass, ¢o - vacuum permittivity, s- static dielectric
permittivity, e, - dielectric permittivity at infinite frequencies, Na - Avogadro number, p -
density, and x is molecular dipole moment. For calculations, s and . were taken from dielectric
and refractometry measurements (e = n?), respectively. Data of calculated Kirkwood factor

are shown in the Figure S3.
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S3. Experimental Kirkwood factor calculated for all four alcohols with marked room
temperature.
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In the article published by Juki¢ et al. [I. Juki¢ et al., Phys. Chem. Chem. Phys., 2021, 23, 19537], the
authors discovered a specific lifetime distribution of hydrogen bonds in some pure hydrogen-bonding
liquids. The distribution derived by computer simulations in the range of 0-0.15 ps consists of three
characteristic peaks. They call the first maximum the ‘dimer peak’, the second the ‘cluster peak’, and the
third the topology peak’. In the article in question, mostly linear- and circular-cluster-forming mono-ols
were simulated to show that the third peak is universal in these H-bonding substances. Moreover, the
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topology of the clusters, which was wrongly assumed to be detected in the tertiary lifetime peak, is
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The hydrogen bonding mechanism is found in many essential
substances that compose living organisms. Hence, it is of primary
importance to characterize all the features of the hydrogen-
bonding process in detail. In ref. 1, the authors presented a
previously unknown feature of the lifetime distribution of hydro-
gen bonds in the picosecond range calculated via computer
simulations. The specific distribution was assigned to molecular
H-bonded dimers located both within and outside the clusters.
The authors examined various hydrogen-bonded systems, namely,
monohydroxy alcohols and water, and obtained universal
hydrogen-bond lifetime maxima, which are summarized in Fig. 1.

The presented distribution plot (Fig. 1) was obtained with a
fixed angle restriction (O-H-O <30°) and changing hydrogen-
bonding distances. The authors in ref. 1 described the first
maximum seen at the H-bond distance cutoff of 2.5 A as the
‘dimer peak’. The ‘dimer peak’ at short distances reflects short-
lived, tightly hydrogen-bonded dimers with a high probability
of occurrence, and at larger cutoff distances (3.5 A), it shows
dimers that live longer but are less probable.

However, at a cutoff of around 2.9 A, the authors of ref. 1 note
the appearance of two additional peaks, which have stable
positions up to the cutoff distance of 3.5 A. They called the
second peak at 0.02 ps the ‘cluster peak’ originating from
dimers involved in clusters (larger hydrogen-bonded structures),
and the third peak at 0.05 ps the ‘topology peak’ originating
from the topology of these clusters.

A. Chelkowski Institute of Physics, University of Silesia in Katowice, 75 Pulku
Piechoty 1, 41-500 Chorzow, Poland. E-mail: joanna.grelska@us.edu.pl

This journal is © the Owner Societies 2024

instead seen in the distribution of the first maximum.

The conclusions of the discussed article are also employed
in another article by the same authors®> concerning water-
alcohol mixtures. There, the authors also indicate that the
tertiary peak corresponds to the topology of clusters, whether
these are chain, loop or lasso clusters found in mono-ols.

The present work aims to verify the origin of the tertiary
peak through investigation of mono-ols that form either mainly
linear (chain-like) or circular (loop) clusters. First, in order to
verify the accuracy of the methodology, the lifetime distribution
of 1-propanol was calculated and compared with the authors’
result in ref. 1. Similarly, computer simulations were carried

Fig. 1 Reproduced from ref. 1 with permission from the PCCP Owner
Societies. Illustration summarizing the correspondence between H-bond
lifetime characteristic peaks.
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Fig. 2 Reproduced from ref. 1 with permission from the PCCP Owner Societies. H-bond lifetime distribution for OPLS ethanol (a), propanol (b), and
methanol (c), with reference to H-bonding distances. Lifetime distribution of GAFF propanol calculated in this paper (d).

out in the GROMACS package®™® with a time step 0.002 ps of a
production run of 300 ps. The systems were simulated in NVT
ensembles with a known density at room conditions, and a
production run of 2 ns was used. Topology files were created
using the Antechamber module (AmberTool21),° and the
GAFF force field was applied.” The program gmxhbond with
the -life option (within the GROMACS package) was used for the
calculation of H-bond lifetime distributions. The obtained
results (Fig. 2d) were satisfyingly consistent with the results
for propanol (Fig. 2b) from ref. 1.

Therefore, the described methodology was used for the
investigation of linear- and globular-cluster-forming mono-
ols. Namely, n-butanol, which was previously reported to have
mainly linear clusters, and its isomer, tert-butanol, with pre-
dominantly circular-like clusters,® are presented in Fig. 3c and
a. Additionally, 2-ethyl-1-hexanol, which forms mostly linear
clusters, and 2-methyl-3-hexanol,’ which forms mostly globular
clusters, were calculated (Fig. 3d and b). At first glance, one can
notice that the positions and shapes of the secondary and
tertiary peaks are the same as those reported for mono-ols in
ref. 1 and do not change within different cluster-forming
substances. However, presenting data over a wider range, up
to 0.2 ps, helps one to notice another relationship. One can see
that small peaks (oscillations) appear in the range 0.08-0.2 ps,
but they were not further discussed, as the authors of ref. 1
assigned them to the impact of alkyl tails surrounding the OH

5714 | Phys. Chem. Chem. Phys., 2024, 26, 5713-5716

groups, which do not significantly vary among the various
probed mono-ols.

What is worth noting is that the first peak with increasing
distance cutoff (around 3 A) moves toward the shorter time
distribution for n-butanol and 2-ethyl-1-hexanol compared to
tert-butanol and 2-methyl-3-hexanol. tert-Butanol and 2-methyl-
3-hexanol, which have predominantly circular clusters in the
systems, exhibit longer time distributions for the first lifetime
maximum. This leads to a simple conclusion: dimers in circular
clusters live longer than in linear ones, and this feature is seen
in the first ‘dimer peak’.

Moreover, this relation can also be noticed in ref. 1. Although
it was reported that molecular aggregates in liquid methanol,
ethanol, and propanol can take different shapes, from cyclic to
branched structures,'® in the Supporting Information of ref. 1,
one can see the cluster size distribution and the indication that
ethanol is more likely than methanol to create cyclic clusters
that consist of around five molecules. That observation results
in the mentioned position of the first peak - at a cutoff distance
3 A, it moves toward longer lifetimes for ethanol in comparison
to methanol (see Fig. 2a and c).

To sum up, it was simply shown that the tertiary peak, called
the ‘topology peak’ in the H-bond lifetime distribution in ref. 1,
does not depend on the type of clusters formed in the mono-
ols. On the contrary, it is universal in mono-ols, but the other
feature related to the first maximum, the ‘dimer peak’ in ref. 1,

This journal is © the Owner Societies 2024



PCCP

Comment

Fig. 3 H-bond lifetime distributions determined in the present work of tert-butanol (a), 2-methyl-3-hexanol (b), n-butanol (c), and 2-ethyl-1-hexanol (d).

was noted to depend on the cluster shape - dimers in the
circular-cluster-forming substances tend to live longer than in
linear ones. Therefore, there is doubt as to whether the descrip-
tion of the lifetime distribution peaks used in ref. 1 is correct.
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ABSTRACT: This study examined the clustering behavior of monohydroxy alcohols, where
hydrogen-bonded clusters of up to a hundred molecules on the nanoscale can form. By
performing X-ray diffraction experiments at different temperatures and under high pressure, we
investigated how these conditions affect the ability of alcohols to form clusters. The pioneering
high-pressure experiment performed on liquid alcohols contributes to the emerging knowledge
in this field. Implementation of molecular dynamics simulations yielded excellent agreement
with the experimental results, enabling the analysis of theoretical models. Here we show that at
the same global density achieved either by alteration of pressure or temperature, the local
aggregation of molecules at the nanoscale may significantly differ. Surprisingly, high pressure
not only promotes the formation of hydrogen-bonded clusters but also induces the serious
reorganization of molecules. This research represents a milestone in understanding association
under extreme thermodynamic conditions in other hydrogen bonding systems such as water.

Monohydroxy alcohols gained a lot of interest in recent
years as these simple chemical compounds are a
benchmark for studying the most important substance for
humans—water. Alcohols, unlike water, usually do not
crystallize but vitrify when supercooled and can exist in the
liquid state over a wide range of thermodynamic conditions,
making them perfect candidates for investigating the behaviors
of hydrogen bonds. They can create supramolecular clusters in
size starting of a few to even a hundred molecules linked
together.”” The variation of temperature and pressure
influence on the alcohol’s clustering constitutes an analogy
for the behavior of water inside and on the Earth.>* However,
the thermodynamic stability of such superstructures has yet to
be uncovered.

High-pressure diffraction experiments have been a challenge
which along with the development of synchrotron facilities and
pressure compression systems became possible to realize for
solid®™” and liquid samples.'”~"* Yet, the high-pressure X-ray
diffraction measurements of weakly scattering liquids such as
alcohols still remain difficult. On the other hand, the advance
of molecular dynamics simulations enables to complement
experimental data and also provides additional structural
properties unachievable from experiments.”">~"” The combi-
nation of both simulation and experimental methods is the
most effective to reveal new information about the structure of
the liquid phase of various hydrogen-bonded systems.
Nevertheless, the behavior of molecular clusters in liquid
systems under high pressure has not been studied so far. It is
unknown whether high pressure favors the formation of H-
bonded clusters or causes their breaking. It is also questioned
whether pressure-induced changes in the structure resemble to

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

some extent temperature-involved alteration. These questions
still need to be addressed.

Herein, we probed the evolution of the supramolecular
structure at the nanoscale of two model alcohols in the
pressure range of 0.1—3 GPa and temperature range of 163—
413 K. The studied 2-ethyl-1-hexanol (2E1H) with the
chemical formula CgH;3O and 2-methyl-3-hexanol (2M3H)
with the formula C;H ;4O are simple monohydroxy alcohols
(see Figure 1). In previous studies,'® it was suggested that
2E1H having the OH group located at the terminal position is
more likely to create chain-like clusters of H-bonds. In
contrast, 2M3H with the nonterminal position of the OH
group tends to cluster also in ring-like aggregates'” (see Figure
1 for cluster type visualization). In this Letter, we aim to
examine how changes of thermodynamic conditions modulate
the supramolecular self-assembly of 2E1H and 2M3H. We
present good-quality high-pressure diffraction results and
compare them with outcomes of the molecular dynamics
simulations (see details in the Supporting Information). The
results reveal so far an unknown picture of the H bond
organization at extreme conditions.

The structural factors calculated from the diffraction data for
2E1H and 2M3H are presented in Figure 2. The results show
two universal features: the less intense prepeak at the scattering
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Figure 1. Structure of investigated molecules and typical supramolecular clusters formed in the systems (a) 2-ethyl-1-hexanol and linear cluster and
(b) 2-methyl-3-hexanol and ring cluster. The clusters with hydrogen bonds marked in cyan were derived from models optimized by molecular

dynamics simulations.
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Figure 2. Structure factors calculated from experimental and simulation results obtained at ambient pressure and changing temperature for (a)
2E1H and (c) 2M3H and at ambient temperature and changing pressure for (b) 2E1H and (d) 2M3H.

vector position around 0.5 A™' and the main peak at around
1.5 A™". Fourier transform of these positions to the real space
gives the average correlation distance of 12.5 and 4.2 A
between the H-bonded clusters and the nearest-neighboring
molecules, respectively.””>' The prepeak is a consequence of
scattering on the centers of OH groups separated by the
carbon parts of molecules. The strong hydrogen-bonding
interaction allows the OH groups to organize in ordered
structures. Interestingly, in water, the OH network is isotropic,
and no prepeak feature is visible.”> One can notice that
temperature and pressure changes have a big impact on the

3119

position of the main peak, but the prepeak position practically
remains stable. This is because the average repeating distance
between OH groups associated in clusters is more or less
preserved despite the possible changes in the size and
architecture of clusters with the temperature and pressure. In
turn, the neighboring molecules come closer to each other due
to mobile alkyl tails with both high pressure and low
temperature, which is the expected density effect.

However, taking into consideration the intensities and
widths of diffraction peaks, we recognize distinct effects of
pressure and temperature. Namely, lowering temperature

https://doi.org/10.1021/acs.jpclett.4c00085
J. Phys. Chem. Lett. 2024, 15, 3118-3126
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causes clear sharpening and an increase in amplitude of both
peaks, whereas under high temperature they are seriously
broadened and damped. The effect of the increasing
background with growing temperature at the low scattering
vector range, giving an impression of an apparent increase in
the prepeak’s intensity, has already been observed”” and
explained by changes in the compressibility.”* With increasing
pressure, the diffraction peaks gradually decrease and become
wider. In real space, the lower and broader diffraction peak can
be interpreted as damping of the intermolecular order.
Although, based on this, one may intuitively hypothesize that
high pressure induces a destructive effect on the intermolecular
structure, such a straightforward interpretation may be
incorrect. Recent molecular dynamics simulations have
shown that a simplified analysis of only the total diffraction
intensities obtained in experiments may lead to wrong
conclusions.””*>* In fact, the total structure factor consists
of partial atomic functions, which describe the correlations
between specific atom types and can be easily derived from a
theoretical molecular model. Therefore, given the very good
compliance between the experimental and simulation results
presented in Figure 2, we further analyze the partial functions
derived from optimized theoretical models.

Partial structure factors obtained from the molecular
dynamics simulations for 2E1H and 2M3H are listed in Figure
3. They contain structural correlations of all atom cross and
like pairs; for example, HH is a like function of all hydrogen
atoms in the systems, and CO is a cross-function of oxygens
and carbons. The sum of all six partial functions gives the total
structure factors shown in Figure 2. One can see that the major
contribution to the total structure factor comes from the CC
function as carbon has the highest concentration and scattering
power in the systems. The prepeak region in Figure 3 is
highlighted in light purple. It can be seen that the major

3120

contribution to the prepeak is provided by the OO correlations
that are additionally enclosed in the inset on the left. At first
glance the prominent temperature effect can be seen; rising
temperature dramatically dampens the OO partial structure
factor that explains the prepeak’s suppression in the total
structure factor. Because the OO correlations arise as a result
of structuring of O atoms in clusters by H bonds, such
damping of the OO peak naturally indicates destroying of this
structure. Additionally, due to rise of temperature, the OO
peak position slightly shifts toward higher scattering vectors
(smaller intercluster distances), which is opposite to the
expected thermal expansion effect. The explanation of this
observation can be better spatial packing of the formed smaller
clusters. One of the most intriguing observations is that
increasing pressure has almost no effect on the magnitude of
the OO peak. Thus, the evident suppression of the prepeak’s
amplitude at higher pressure in the total structure factors of
both alcohols (Figure 2) cannot be explained based on the
changes in the structuring of O atoms in H-bonded clusters.
This distinguishes the effect of the pressure on the H-bonded
clustering of monohydroxy alcohols from that of the
temperature.

The next strong contribution to the prepeak region comes
from the CO function. It has a noticeably higher amplitude for
2M3H which was thought to create mostly circular type
clusters. It is in line with our previous studies”*® where we
concluded that high intensity of CO partial function in prepeak
region is connected with creating such a ring-like structure in
the system. What we notice from Figure 3 is a drop in the CO
function along with rising pressure for both alcohols. That
behavior explains the damping of the prepeak’s intensity in
total structure factor with rising pressure presented in Figure 2.
A substantial change of the CO function can be noticed also
with rising temperature for 2M3H. Summarizing the effects

https://doi.org/10.1021/acs.jpclett.4c00085
J. Phys. Chem. Lett. 2024, 15, 3118-3126


https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00085?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00085?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00085?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Tdensity] T T L densit'x . ; ' Y]
60 160 H [ETH]]
< I
= —=— monomer
.5 40 ~4 40 . o R
5 I ] I Y
3 20 120} ;
*3 k —e— linear
.'(_3 0 1 L ] \ ]

250 300 350 400 0 1 2 3 ¢
1 bar, temperature (K) 293K, pressure (GPa) | —a— ring

Idenjs,ty T T T '2M3H ] [ T T T T T |_
X 60 - 60 ¢ 2M3
c 1T = 1 |—»— branch
S 40 40 | 1
o]
3 J ] D—o—.—.
£ 20 20 TAAAAA—a
2 . |

C) Iz ' ! I ! . ‘ L ‘

250 300 350 400
1 bar, temperature (K)

293 K, pressure (GPa)

Figure 4. Distributions of monomers and H-bonded clusters as functions of temperature and pressure for the investigated systems derived from
simulations. The common areas of density are marked in the same light orange color. The same state at ambient conditions is marked with vertical
black line. The direction of the density increase is illustrated with arrow. The legend on the right presents schemes of the studied cluster types.

temperature and pressure on the longer-range atomic
correlations resulting in the prepeak feature, we can state
that the biggest changes with temperature occur in the
organization between OO atoms, while with pressure, between
CO atoms.

Another important representation of the molecular order
obtained from simulations was partial radial distribution
functions (see the section Partial Radial Distribution Functions
and Figure S1 in the Supporting Information). From these
functions we observed the effect of strengthening H bonds
with higher pressure or lower temperature and weakening of H
bonds with higher temperature. That conclusion was also
drawn by experimental methods probing hydrogen bonds.

In the next approach, we tested how the density factor
influences the molecular clustering. The macroscopic density
of the alcohols at various thermodynamic conditions was
estimated based on experimental main peak positions and also
calculated from molecular dynamics simulations (see the
section Density Approximation in the Supporting Informa-
tion). From Figure S2, one can see some common density
states for each alcohol, which can be achieved by both
temperature and pressure changes but also low-density states
that can be achieved only at high-temperature and high-density
states achievable only by strong compression. Additionally, we
reported a lower density of 2E1H glass probed at the T, (for p
= 1 bar) than at the p, (for T = 298, 323, 348, and 373 K):
~1.07 and ~1.37 g/cm’, respectively. From the structural
models presented later in the paper, it will be clear that it is
possible to obtain countless numbers of glasses with different
frozen H-bonded structures by controlling thermodynamic
conditions.

In order to obtain a whole picture of the self-association of
molecules in 2E1H and 2M3H alcohols under the entire range
of pressure and temperature conditions, we analyzed the H-

3121

bonded clusters based on the optimized simulation models.
The clusters that we define are averaged over the simulation
ensemble and simulation time of 10—50 ns, which is much
lon%er than the lifetime of hydrogen bonds, around 0.02—0.15
ps.”” Thus, the determined sizes and architectures represent
statistically time-averaged stable H-bonded clusters. The
average models from the molecular dynamics simulations
remained close to their respective reference structures probed
by the diffraction experiment at certain thermodynamic
conditions. A distinction for three considered cluster types
(linear, ring, and branch) is described in detail in the
Supporting Information. An example of each cluster type is
depicted in the legend in the right panel of Figure 4. The left
panels of Figure 4 show the distributions of the different
cluster types under various thermodynamic conditions. The
numbers of molecules bonded into all cluster types along with
monomers sum to 100%. These distributions present
interesting properties which are summarized in a few points
below.

(1) The monomer’s number greatly increases for both
alcohols with temperature rise at ambient pressure. In
contrast, as the pressure increases up to around 0.5 GPa
at room temperature, the numbers of monomers drop
almost to zero. For both temperature and pressure
changes, starting from the same point at ambient
conditions, the number of monomers decreases as the
density increases.

Branch structures are abundant in 2E1H and become
more dominant with density increase and less probable
at higher temperature. It means that strong thermal
vibrations at high temperatures significantly reduce the
chances for double H bonds per molecule. For 2M3H,
on the other hand, branched structures are almost

)
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nonexistent. The OH group in the nonterminal position
in the 2M3H molecule apparently hinders the formation
of branched double H bonds.

Ring clusters constitute about half of the 2M3H system
at low temperatures approaching the T, at ambient
pressure. They become less abundant with rise of both
temperature and pressure. A similar situation is observed
for 2E1H, but the ring clusters do not constitute a large
percentage there. Indeed, the nonterminal position of
the OH group in the 2M3H molecule clearly favors the
creation of ring clusters by H bonds, as was reported
previously.

3)

(4) Linear chain clusters are found in large percentages in
both alcohol systems. The temperature dependence of
the number of linear clusters has a maximum of 60% at
about 370 K for 2E1H and 320 K for 2M3H at ambient
pressure. Linear clusters are the most resistant to high
temperature. At higher pressure, the number of linear
clusters decreases for 2E1H at the expense of branch
clusters that start to dominate. On the other hand, the
linear structures increase for 2M3H at the expense of

monomers, and ring population.

Generally, the characteristics of supramolecular clustering
are different between 2E1H and 2M3H in the regions of the
same density marked in light orange in Figure 4. In the case of
2E1H the increase of density either with low temperature or
high pressure seems to have a similar effect on the distribution
of the most abundant types of clusters: the number of linear
clusters decreases while branch clusters increases with both
lowering temperature and increasing pressure. In turn, for
2M3H, one can observe another behavior: the number of ring
clusters increases with lowering temperature but decreases with
pressure rise. Furthermore, the number of linear associates
changes nonmonotonically with lowering temperature: it first
increases down to ~300 K and then decreases, whereas it
monotonically increases with higher pressure.

Particularly interesting is the effect of high pressure on ring
clusters, when they clearly reorganize in favor of branched or
linear structures because the number of monomers is almost
zero at such conditions. It is worth noting that dielectric
studies conducted under high pressure derived similar
conclusions. The motion of hydrogen-bonded structures in
monohydroxy alcohols is manifested by an exponential
relaxation process in the dielectric spectra—commonly termed
the Debye relaxation, which is slower than the structural
relaxation (@) process associated with the collective rearrange-
ment of molecules. A good description of the origin of the
Debye relaxation is the transient chain model.”*** Adopting
this model, generally observed weaker temperature and
pressure dependencies of the Debye relaxation time compared
to the a-relaxation time near T, of monohydroxy alcohols were
explained.” Interestingly, here we found a similar behavior of
the position of the diffraction prepeak—weaker response to
the temperature and pressure—and the main peak, which
experiences much stronger shifts. Therefore, it can be stated
that a correlation between the two relaxation processes and
two diffraction maxima occurs. The amplitude of the Debye
relaxation process, which is known to rise with the proportion
of chain-like clusters, was observed to increase with hiﬁher
pressure for 2M3H and to decrease for 2E1H.'®'*!
Therefore, based on the above, one can simply deduce that
in 2M3H some ring clusters break and become linear clusters,
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while in 2E1H the linear cluster’s numbers decrease in favor of
branched clusters. Moreover, the destruction of ring clusters in
favor of linear ones for monohydroxy alcohols was suggested
by dielectric spectroscopy studies also under other external
conditions such as electric field”*”* or mechanical shearing,**
This effect was more prominent in alcohols with the
nonterminal position of the OH group, and so for the alcohols
with an advantage of ring clusters over other architectures, it is
in line with the results presented here. We can therefore
conclude that nondirect information about the H-bonded
clustering derived from dielectric spectroscopy is in great
agreement with direct insight into the structure by molecular
dynamics simulations.

Another peculiarity worthy of attention can be noticed in the
temperature dependence of the cluster distributions in Figure
4. One can recognize an anomaly point in the distributions of
the cluster types at about 250 K for 2E1H and 230 K for
2M3H along the 1 bar isobar. Actually, the 250 K anomaly in
the hydrogen bond equilibrium has also been found for 2E1H
and other monohydroxy alcohols.*>*® In more detail, the
combined dielectric, near-infrared, and nuclear magnetic
resonance study showed that this peculiar point is a transition
from more stable hydrogen bonded structures at lower
temperatures into less durable structures at higher temper-
atures. That is the exact observation that we can deduce from
Figure 4, from which it stems that above the temperature of
around 250 K, the linear cluster distribution grows rapidly for
both alcohols, whereas the amount of branch/ring clusters
drops rapidly for 2E1H/2M3H, respectively. Thus, our studies
demonstrate that the suggested disturbance of H bond
equilibrium leads to the nonmonotonical structural transition
where the reformation of the cluster’s architecture occurs.

Moreover, the temperature dependencies of the linear H
bond structures in Figure 4 show a characteristic maximum of
around 60% at about 370 K for 2E1H and 320 K for 2M3H at
ambient pressure. This effect is the result of an initial increase
in the number of linear clusters as the ring and branch clusters
disintegrate into linear ones and then the dissociation of the
linear clusters into monomers. In turn, based on the pressure
dependencies of the monomer and cluster distributions, it is
possible to explain the interesting behavior of the main
diffraction peak’s intensity with rising pressure—the intensity
initially increases and then decreases with higher pressure
(Figure 2). This behavior is associated with an increase in the
nearest-neighbor correlations in both alcohols up to a pressure
of around 0.5 GPa, followed by a decrease in these correlations
with higher pressures. The physics behind this is simply linking
of monomers to the H-bonded clusters up to pressures around
0.5 GPa. From Figure 4 one can see that around 0.5 GPa the
number of monomers drops down to almost 0%. As a result of
the bonding of molecules, an increase in the short-range order
is observed. For higher pressures, the intensity decreases
because the number of more complex branched structures
increases, and the pressure causes suppression of the short-
range organization of molecules, where flexible and mobile
alkyl tails easily rearrange under pressure and improve the
packing density.

Finally, pictures of the self-association of molecules by H
bonds, in different thermodynamic conditions, are presented in
Figure 5. Each image represents one configuration from the
trajectories collected from simulations at different temperature
and pressure states. As a supplement, the inset histograms in
Figure S show the distributions of the number of molecules in
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any cluster, regardless of the architecture type, calculated from
the whole trajectory. First, the impact of cluster type on the
number of molecules in a cluster is noticeable. Ring clusters
consist of a maximum of 6 molecules for 2M3H and around 15
molecules for 2E1H while linear and branched structures
achieve sizes of even 100 molecules. That indicates a specific
attribute of the ring cluster, i.e, small size is geometrically
favorable. The advantage of ring clusters in 2M3H in 213 K
impacts the average number of molecules joined in clusters,
which is around 4—35 in that condition. That number is similar
at room temperature; however, a higher number of monomers
emerges with the rise of temperature. At 413 K both 2E1H and
2M3H show no preference for the number of molecules in
clusters and are composed of a considerably large percent of
free molecules.

One of the very few studies conducted under high
temperature or at high pressure up to around 1 GPa on
alcohols™ is consistent with our results. Increasing the
temperature was reported to decrease the sizes of H-bonded
aggregates in diols, while the prepeak position remained stable
in the temperature-dependent diffraction patterns. Another
study'” demonstrated destruction of the medium-range order
of linear alcohols at high pressure, resulting in vanishing of the
diffraction prepeak intensity. Here, we can clarify the issue of
changes in the medium-range order at the nanoscale. Our
results clearly show that the medium-range order of oxygen
atoms connected in H bonds is not destroyed; only the CO
correlations are damped under the influence of high pressure.
It means that the disorder refers to the unbounded tails of
molecules. Nevertheless, with changes in temperature, both
components of the medium-range order, OO and CO
correlations, are affected. It is also worth referring to the
study conducted on water—alcohol mixtures'® that revealed
the effect of the decrease in the number of ring clusters in
response to high pressure as well. However, it was more
evident for lower methanol concentrations (note the lack of
preference for creating a ring cluster for pure methanol).
Finally, our latest paper based on infrared spectroscopy, X-ray
diffraction, and molecular dynamics simulations with another
force field also demonstrated intensified molecular clustering
via H bonds in 2E1H under high pressure.”” This nice
agreement with other studies reflects the validity of the
proposed structural models of the studied alcohols at the very
wide range of thermodynamic conditions.

The results obtained here give us an important insight into
the clustering ability of monohydroxy alcohols at wide pressure
and temperature ranges. We revealed that despite the same
bulk density at some thermodynamic conditions, the cluster
architecture at the nanoscale may significantly differ; it is
possible to create liquid systems of the same global density but
distinct structural properties. Especially, increasing temper-
ature has a destructive effect on H bond stability, resulting in
an abundance of monomers. Also, branch structure is not
preferred at high temperature, as simultaneous creation of two
H bonds by a single molecule is too demanding during strong
thermal vibrations. On the other hand, branched clusters may
not form in the first place because of unfavorable internal
molecular structure with nonterminal position of OH group
seen for 2M3H. Linear aggregates are the most lasting with
higher temperature. Importantly, in this study, we clarify the
issue that compression favors the H bonds creation in
monohydroxy alcohols, and changes of diffraction prepeak
visible in structure factor are connected to supramolecular
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reorganization. Some percent of ring clusters, probably not
bonded strongly enough, is destroyed with higher pressure, and
they become linear or branched clusters. The analysis of H
bonds provided herein is universal and can be used in analogy
to other H-bonded substances like water. In water, various, but
mostly ring and branched, H-bonded structures are created,*®
thus, the results of presented H-bonded systems are very
useful. Certainly, further parametrization of the clustering
ability under thermodynamic conditions in the field of
dynamics or entropy would be beneficial.
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1. Methods
Ambient pressure X-ray diffraction experiment

The investigated 2-ethyl-1-hexanol and 2-methyl-3-hexanol were purchased from Sigma
Aldrich. The experimental measurements at ambient pressure were performed on a Rigaku-Denki
S/IMAX RAPID II-R diffractometer equipped with two-dimensional image plate detector and Ag
rotating anode. Incident beam was monochromatized with graphite (002) and the wavelength
0.5608 A was used. Temperature was controlled by Oxford Cryostream Plus and Compact Cooler.
Samples were measured from the lowest achievable temperature of 163 K up to the highest
temperature for which the sample did not evaporate (2E1H — 413K, 2M3H — 373 K). Two
dimensional images were collected and converted into one-dimensional patterns of the scattering
intensity versus scattering angle. The patterns measured for background (empty capillary) were
subtracted. After correcting the data for the Compton scattering, absorption and polarization, the

structure factors were calculated according to the procedure described in?.
High-pressure X-ray diffraction experiment

The high-pressure diffraction measurements were performed at 16-BM-D beamline,
Advanced Photon Source, Argonne National Laboratory, USA, equipped with micro-focused
beam. The energy of the incident beam was 20 keV (it corresponds to the wavelength of 0.619 A).
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Liquid samples were packed and measured in diamond anvil cells. Pressure was controlled by a
gas membrane, ruby fluorescence method was used to measure the actual pressure on the sample.
Measurements were taken at ambient temperature and pressure starting from around 0.1 GPa up
to around 3 GPa. For 2E1H, pressure measurements were additionally carried out at temperatures
of 50°C, 75°C and 100°C using the temperature chamber and pressure up to around 5 GPa. Empty
diamond anvil cell was measured as the background reference, and subtracted from the two-
dimensional diffractograms of the measured samples in Dioptas? software. Masking of artifacts
coming from diamond reflections was performed in the same software. The diffractograms
converted from the two- to one-dimensional patterns of the scattering intensity as the function of
the scattering vector were then transformed into the structure factor representations using
Amorpheus® program. Results have been slightly smoothed without changing the shape of the

functions.
Molecular dynamics simulations

Molecular dynamics simulations were conducted in GROMACS 2022 and 2023%°
package. NPT ensemble was used with Nose-Hoover temperature coupling (time constant 0.1 ps)
and MTTK pressure coupling (time constant 1 ps). Simulations run in two regimes, decreasing
temperature and increasing pressure. Starting configurations in both cases was run at 413 K with
a simulation box containing 2000 randomly distributed molecules and the box size set assuming
the room temperature density of the compounds (0.8344 g/cm® for 2E1H and 0.821 g/cm? for
2M3H). The topology files were created in the Antechamber module’ and GAFF® force field was
used, since it gave satisfactory results in our previous works®. Time step was 0.001 ps, while
integration velocity Verlet algorithm was implemented along with 2 nm cut-off for van der Waals
interactions and 2 nm distance for PME electrostatic interactions. Simulations time for all pressure
steps in the range of 0.1-3 GPa and temperatures in the range of 213-273 K was 50 ns, and for
temperatures in the range of 293-413 K was 10 ns (regarding faster relaxation of molecules). The
last 101 and 96 trajectories respectively to the simulation times 50 and 10 ns were used for further
analysis. Structure factors, partial structure factors and partial radial distribution functions were

calculated using TRAVIS software'®? according to formulas described in*.
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Analysis of H-bond clusters

Developed in-house software!® was used for the analysis and visualization of the H-bonded
clusters. Only H-bonds between hydroxyl parts of molecules were considered for H-bonds
analysis. The condition for the formation of hydrogen bonding was implemented as follows:
intermolecular distance O-O < 4 A, intermolecular distance O-Ho < 2.7 A, H-bond angle OHo-O
< 40°(where Ho is the hydrogen atom covalently linked into O atom). Those criteria were found
to cover all H-bonds at various temperature and pressure steps. Especially such O-Ho distance was
found invariant in various temperature conditions. Then, architectures of the H-bond connections
in the formed clusters were analyzed. The H-bonded cluster was defined as linear — when neat
chain with free hydroxyl group in the chain ends was created; as ring - when closed chain with no
free hydroxyl groups was formed; and branched — when at least one molecule in chain was
connected to two hydroxyl groups. Visualization of such defined H-bonded structures was built
with in-house software using Python. Moreover, the general distributions of the number of
molecules in the H-bonded clusters, aside from their architectures, were calculated from the
collected trajectories using GROMACS gmx clustsize program, providing only the condition for
the distance O-O < 3.5 A (found to be the best suitable without the angle condition).

2. Supplementary Figures
Partial radial distribution functions

Partial radial distribution functions are presented in Figure S1. These are the functions of
intensity proportional to the probability of finding any inter-atomic distances in the system. The
position of the first maximum of OO radial distribution function is 2.8 A, which is the typical
distance between oxygen atoms in hydrogen bonds formed in alcohols. The first HO peak around
1 A is due to intramolecular bonds between oxygen and hydrogen in hydroxyl groups.
Interestingly, the HO covalent bonds with both rising pressure and lowering temperature are
elongating in favor of shortening OO bond distance. This effect of strengthening H-bond with
higher pressure (and opposite effect of high temperature) was also observed in nuclear magnetic
resonance'*!® and Fourier transform infrared® spectroscopy studies. The observations described
in the literature demonstrated similar effects of increasing pressure and decreasing temperature on
H-bonds strength. However, our results reveal that the probability of finding the H-bonds (their

amount) decreases rapidly with rising temperature, remaining invariant for pressure changes (the
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OO functions in Figure S1). The similar effect that was deduced from partial structure factors

results (Figure 3).
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Figure S1. Partial radial distribution functions of investigated compounds obtained by molecular
dynamics simulations. Individual functions are marked with symbol of the same color. The arrows
indicate the direction of shifts of selected partial functions along with pressure or temperature

increase.
Density approximation

A global factor that influences molecular and supramolecular aggregation is density. The
bulk density is possible to be obtained from molecular dynamics simulations. Based on
experimental diffraction data, it is possible to estimate changes in density - the main diffraction
peak position to the third power is expected to be proportional to density of a simple liquid®’.
However, also for associating ionic liquids, it was recently found that position of main diffraction
peak arising due to nearest-neighbour structure follows the density scaling®. Thus, we adopted
such approximation for studied alcohols. Knowing the density of the alcohols at room temperature
and ambient pressure (see the Methods part), densities at other thermodynamics conditions were
calculated based on the main peak positions and compared with the values obtained from
simulations — Figures S2a and b. In the graphs one can see some common areas marked in light
orange. These are states of density that can be achieved experimentally either by lowering

temperature down to 163 K or by pressurization up to 1 GPa. On the other hand, from the course
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of these dependencies, one can see that there are ranges of very low or very high density that can
be achieved only by very high temperature and high pressure, respectively. Comparison of
experimental and simulation based values of density shows good agreement for high temperature
and low pressure ranges, but then some discrepancies appear for low temperature and high
pressure. This is a result of slowdown of molecular dynamics under these conditions and the
greater inaccuracy of the models. However, the overall course of experimental and simulation-

based functions is consistent.

The ability of measurements at high pressures and temperatures up to 100°C has prompted
us to observe the density behavior of 2E1H at different pressure/temperature states. The diffraction
data for these isotherms are not shown in the article, but the main peak positions were obtained to
estimate the density and depicted in Figure S2c. For 2E1H, the values of glass transition
temperature and pressure are known: Tq = 143 K (in 1 bar) and pg = 2.58 GPa (in 25°C)*®, so the
density dependences on temperature and pressure can be estimated in reference to the glass
transition points — see Figure S2c. From the graph one can see that different measurements under
high pressure and various temperature lay on the same curve. At low pressure the high temperature
isotherms are shifted a little bit to the smaller density which is typical temperature effect. But
increasing the pressure seems to have a uniform impact on density regardless the temperature of
the sample. Although the range of investigated temperatures is not very significant compared to
the pressure range, it is evident that pressure change has bigger control of density in the case of
2E1H.

Furthermore, when temperature and pressure dependence is compared in respect to the
glass transition points, one will see that at two glass states lying in the T/Tgand p/pg =1 (marked
in Figure S2) the density of 2E1H is very different. The density of glass achieved by pressurization
in 25°C is higher than that of glass predicted to be achieved by lowering temperature in 1 bar. Such
high and low density glassy states triggered by thermodynamic conditions were already reported
for amorphous ice®®. Certainly, there is a factor that strongly influences the density of hydrogen-
bonded substances at various thermodynamic conditions. Moreover, previous studies stated that
self-association of molecules in alcohols strongly affects the glass transition temperature and other

properties. For such self-associating systems, Ty was observed to be higher than for simple glass
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impact on global properties of the system.

formers of similar molecular mass?®2t. Thus, clustering of molecules seems to have a significant
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Aktywnos¢ naukowa

Wystagpitam z prezentacjg ustng na konferencjach krajowych o tematyce dyfrakcji rentgenowskie;:

o Szkoly i warsztaty XRD, XRF, OES, GDOES, LIBS, Wegierska Gorka (16-19.10.2023),
Temperaturowe badania dyfrakcyjne ciektych alkoholi

o Szkoly i warsztaty XRD, XRF, ICP-OES, Ustron (18-21.10.2021), Badania cieczy
asocjujacych za pomoca metody dyfrakcji rentgenowskiej — jakich informacji dostarcza

analiza w zakresie nisko- i1 szerokokgtowym?

Ponadto, jestem wspoétautorka publikacji niepowigzanych z tematyka pracy doktorskie;j:

S1. Goraus, J., Grelska, J., Kubacki, J., Czerniewski, J., Barylski, A., Zajac, M., Sawicki, B., &
Prusik, K. (2023). Which crystal structure is present on the surface of Ti2CrAl compound-a

deduction from electronic structure measurements and calculations. Surface Science, 733, 122288

S2. Heczko, D., Grelska, J., Jurkiewicz, K., Spychalska, P., Kasprzycka, A., Kaminski, K.,
Paluch, M., & Kaminska, E. (2021). Anomalous narrowing of the shape of the structural process
in derivatives of trehalose at high pressure. The role of the internal structure. Journal of Molecular

Liquids, 336, 116321

S3. Nowok, A., Cieslik, W., Grelska, J., Jurkiewicz, K., Makieieva, N., Kupka, T., Aleman, J.,
Musiol, R., & Pawlus, S. (2022). Simple Rules for Complex Near-Glass-Transition Phenomena in
Medium-Sized Schiff Bases. International Journal of Molecular Sciences, 23(9), 5185

S4. Goraus, J., Witas, P., Grelska, J., Calvayrac, F., Czerniewski, J., & Balin, K. (2022). Magnetic
properties of Gd3Cu3Sb4. Journal of Magnetism and Magnetic Materials, 550, 169075

S5. Heczko, D., Jurkiewicz, K., Grelska, J., Kaminski, K., Paluch, M., & Kaminska, E. (2020).
Influence of High Pressure on the Local Order and Dynamical Properties of the Selected Azole
Antifungals. The Journal of Physical Chemistry B, 124(52), 11949

S6. Tarnacka, M., Geppert-Rybczynska, M., Dulski, M., Grelska, J., Jurkiewicz, K., Grzybowska,
K., Kaminski, K., & Paluch, M. (2021). Local structure and molecular dynamics of highly polar
propylene carbonate derivative infiltrated within alumina and silica porous templates. The Journal

of Chemical Physics, 154(6), 064701
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S7. Heczko, D., Jurkiewicz, K., Tarnacka, M., Grelska, J., Wrzalik, R., Kaminski, K., Paluch, M.,
& Kaminska, E. (2020). The impact of chemical structure on the formation of the medium-range

order and dynamical properties of selected antifungal APIs. Physical Chemistry Chemical Physics,
22(48), 28202

S8. Nowok, A., Cieslik, W., Dulski, M., Jurkiewicz, K., Grelska, J., Aleman, J., Musiol, R.,
Szeremeta, A. Z., & Pawlus, S. (2022). Glass-forming Schiff bases: Peculiar self-organizing
systems with bifurcated hydrogen bonds. Journal of Molecular Liquids, 348, 118052

S9. Heczko, D., Jesionek, P., Hachula, B., Jurkiewicz, K., Grelska, J., Tarnacka, M., Kaminski,
K., Paluch, M., & Kaminska, E. (2022). Variation in the local ordering, H-bonding pattern and

molecular dynamics in the pressure densified ritonavir. Journal of Molecular Liquids, 351, 118666

S10. Talik, A., Tarnacka, M., Minecka, A., Hachula, B., Grelska, J., Jurkiewicz, K., Kaminski,
K., Paluch, M., & Kaminska, E. (2021). Anormal Thermal History Effect on the Structural
Dynamics of Probucol Infiltrated into Porous Alumina. The Journal of Physical Chemistry C,
125(7), 3901

S11. Paturej, J., Koperwas, K., Tarnacka, M., Jurkiewicz, K., Maksym, P., Grelska, J., Paluch,
M., & Kaminski, K. (2022). Supramolecular structures of self-assembled oligomers under

confinement. Soft Matter, 18(26), 4930

S12. Bielas, R., Maksym, P., Tarnacka, M., Minecka, A., Jurkiewicz, K., Talik, A., Geppert-
Rybczynska, M., Grelska, J., Mielanczyk, L., Bernat, R., Kaminski, K., Paluch, M., & Kaminska,
E. (2021). Synthetic strategy matters: The study of a different kind of PVP as micellar vehicles of
metronidazole. Journal of Molecular Liquids, 332, 115789

S13. Tranova, T., Pyteraf, J., Kurek, M., Jamroz, W., Brniak, W., Spalovska, D., Loskot, J.,
Jurkiewicz, K., Grelska, J., Kramarczyk, D., Muzikova, J., Paluch, M., & Jachowicz, R. (2022).
Fused Deposition Modeling as a Possible Approach for the Preparation of Orodispersible Tablets.
Pharmaceuticals, 15(1), 69

92



Referencje

[1] V. Basavalingappa et al., Mechanically Rigid Supramolecular Assemblies Formed from an
Fmoc-Guanine Conjugated Peptide Nucleic Acid, Nat Commun 10, 5256 (2019).

[2] M. Diener, J. Adamcik, A. Sdnchez-Ferrer, F. Jaedig, L. Schefer, and R. Mezzenga, Primary,
Secondary, Tertiary and Quaternary Structure Levels in Linear Polysaccharides: From
Random Coil, to Single Helix to Supramolecular Assembly, Biomacromolecules 20, 1731
(2019).

[3] B.J. G. E. Pieters, M. B. van Eldijk, R. J. M. Nolte, and J. Mecinovi¢, Natural
Supramolecular Protein Assemblies, Chem. Soc. Rev. 45, 24 (2016).

[4] S. L. Higashi, N. Rozi, S. A. Hanifah, and M. Ikeda, Supramolecular Architectures of
Nucleic Acid/Peptide Hybrids, IIMS 21, 9458 (2020).

[5] J. W. E. Drewitt, Liquid Structure under Extreme Conditions: High-Pressure x-Ray
Diffraction Studies, J. Phys.: Condens. Matter 33, 503004 (2021).

[6] Y. Katayama, T. Hattori, H. Saitoh, T. Ikeda, K. Aoki, H. Fukui, and K. Funakoshi,
Structure of Liquid Water under High Pressure up to 17 GPa, Phys. Rev. B 81, 014109
(2010).

[7] J. Jadzyn and J. Swiergiel, Mesoscopic Clustering in Butanol Isomers, Journal of Molecular
Liquids 314, 113652 (2020).

[8] M. Pozar, J. Bolle, C. Sternemann, and A. Perera, On the X-Ray Scattering Pre-Peak of
Linear Mono-Ols and the Related Microstructure from Computer Simulations, J. Phys.
Chem. B 124, 8358 (2020).

[9] S. Choi, S. Parameswaran, and J.-H. Choi, Effects of Molecular Shape on Alcohol
Aggregation and Water Hydrogen Bond Network Behavior in Butanol Isomer Solutions,
Phys. Chem. Chem. Phys. 23, 12976 (2021).

[10] O. Gereben and L. Pusztai, Hydrogen Bond Connectivities in Water—Ethanol Mixtures: On
the Influence of the H-Bond Definition, Journal of Molecular Liquids 220, 836 (2016).

[11] P. A. Gunka, A. Olejniczak, S. Fanetti, R. Bini, I. E. Collings, V. Svitlyk, and K. F.
Dziubek, Crystal Structure and Non-Hydrostatic Stress-Induced Phase Transition of
Urotropine Under High Pressure, Chemistry A European J 27, 1094 (2021).

[12] N. Funamori and K. Tsuji, Pressure-Induced Structural Change of Liquid Silicon, Phys.
Rev. Lett. 88, 255508 (2002).

[13] W. Dmowski, G. H. Yoo, S. Gierlotka, H. Wang, Y. Yokoyama, E. S. Park, S. Stelmakh,
and T. Egami, High Pressure Quenched Glasses: Unique Structures and Properties, Sci Rep
10, 9497 (2020).

[14] R. Bohmer, C. Gainaru, and R. Richert, Structure and Dynamics of Monohydroxy
Alcohols—Milestones towards Their Microscopic Understanding, 100 Years after Debye,
Physics Reports 545, 125 (2014).

[15] C. Gainaru, R. Meier, S. Schildmann, C. Lederle, W. Hiller, E. A. Réssler, and R. Bohmer,
Nuclear-Magnetic-Resonance Measurements Reveal the Origin of the Debye Process in
Monohydroxy Alcohols, Phys. Rev. Lett. 105, 258303 (2010).

[16] S. Lotze, C. C. M. Groot, C. Vennehaug, and H. J. Bakker, Femtosecond Mid-Infrared
Study of the Dynamics of Water Molecules in Water—Acetone and Water—Dimethy! Sulfoxide
Mixtures, J. Phys. Chem. B 119, 5228 (2015).

93



[17] K. M. Murdoch, T. D. Ferris, J. C. Wright, and T. C. Farrar, Infrared Spectroscopy of
Ethanol Clusters in Ethanol-Hexane Binary Solutions, The Journal of Chemical Physics
116, 5717 (2002).

[18] C. Gainaru, M. Wikarek, S. Pawlus, M. Paluch, R. Figuli, M. Wilhelm, T. Hecksher, B.
Jakobsen, J. C. Dyre, and R. Bohmer, Oscillatory Shear and High-Pressure Dielectric Study
of 5-Methyl-3-Heptanol, Colloid Polym Sci 292, 1913 (2014).

[19] T. Bohmer, J. P. Gabriel, T. Richter, F. Pabst, and T. Blochowicz, Influence of Molecular
Architecture on the Dynamics of H-Bonded Supramolecular Structures in Phenyl-Propanols,
J. Phys. Chem. B 123, 10959 (2019).

[20] S. Kotodziej, J. Knapik-Kowalczuk, K. Grzybowska, A. Nowok, and S. Pawlus, Essential
Meaning of High Pressure Measurements in Discerning the Properties of Monohydroxy
Alcohols with a Single Phenyl Group, Journal of Molecular Liquids 305, 112863 (2020).

[21] M. Wikarek, S. Pawlus, S. N. Tripathy, A. Szulc, and M. Paluch, How Different Molecular
Architectures Influence the Dynamics of H-Bonded Structures in Glass-Forming
Monohydroxy Alcohols, J. Phys. Chem. B 120, 5744 (2016).

[22] K. L. Ngai, S. Pawlus, and M. Paluch, Explanation of the Difference in Temperature and
Pressure Dependences of the Debye Relaxation and the Structural a-Relaxation near T of
Monohydroxy Alcohols, Chemical Physics 530, 110617 (2020).

[23] P. Debye, Zerstreuung von Rontgenstrahlen, Annalen Der Physik 351, 809 (1915).

[24] S. Boccato et al., Amorpheus: A Python-Based Software for the Treatment of X-Ray
Scattering Data of Amorphous and Liquid Systems, High Pressure Research 42, 69 (2022).

[25] M. J. Abraham, T. Murtola, R. Schulz, S. Pall, J. C. Smith, B. Hess, and E. Lindahl,
GROMACS: High Performance Molecular Simulations through Multi-Level Parallelism
from Laptops to Supercomputers, SoftwareX 1-2, 19 (2015).

[26] S. Pronk et al., GROMACS 4.5: A High-Throughput and Highly Parallel Open Source
Molecular Simulation Toolkit, Bioinformatics 29, 845 (2013).

[27] S. Pall, M. J. Abraham, C. Kutzner, B. Hess, and E. Lindahl, Tackling Exascale Software
Challenges in Molecular Dynamics Simulations with GROMACS, in Solving Software
Challenges for Exascale, edited by S. Markidis and E. Laure, Vol. 8759 (Springer
International Publishing, Cham, 2015), pp. 3-27.

[28] J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, and D. A. Case, Development and
Testing of a General Amber Force Field, J. Comput. Chem. 25, 1157 (2004).

[29] M. Brehm, M. Thomas, S. Gehrke, and B. Kirchner, TRAVIS—A Free Analyzer for
Trajectories from Molecular Simulation, J. Chem. Phys. 152, 164105 (2020).

[30] M. Brehm and B. Kirchner, TRAVIS - A Free Analyzer and Visualizer for Monte Carlo and
Molecular Dynamics Trajectories, J. Chem. Inf. Model. 51, 2007 (2011).

[31] O. Holloczki, M. Macchiagodena, H. Weber, M. Thomas, M. Brehm, A. Stark, O. Russina,
A. Triolo, and B. Kirchner, Triphilic lonic-Liquid Mixtures: Fluorinated and Non-
Fluorinated Aprotic lonic-Liquid Mixtures, ChemPhysChem 16, 3325 (2015).

[32] L. Temleitner, Hydrogen Bond Analysis Software Package, (2023).

[33] L. Juki¢, M. Pozar, B. LovrinCevi¢, and A. Perera, Universal Features in the Lifetime
Distribution of Clusters in Hydrogen-Bonding Liquids, Phys. Chem. Chem. Phys. 23, 19537
(2021).

94



	Praca_doktorska_Grelska_J
	Podziękowania
	Streszczenie
	I. Wstęp
	A. Motywacja
	B. Dokonania naukowe
	C. Badane substancje
	D. Metody eksperymentalne
	E. Symulacje komputerowe

	II. Wyniki i dyskusja
	A. Wpływ budowy molekularnej na proces asocjacji
	B. Agregacja związków z pierścieniem węglowym
	C. Czas życia wiązań wodorowych w klastrach
	D. Zmienne warunki termodynamiczne w układzie
	E. Podsumowanie

	III. Publikacje naukowe
	A. P1. Supramolecular Structure of Phenyl Derivatives of Butanol Isomers


	P1_Supramolecular Structure of Phenyl Derivatives of Butanol Isomers
	S1_Supramolecular Structure of Phenyl Derivatives of Butanol Isomers
	Praca_doktorska_Grelska_J
	III. Publikacje naukowe
	B. P2. Computer simulations as an effective way to distinguish supramolecular nanostructure in cyclic and phenyl alcohols


	P2_Computer simulations as an effective way to distinguish supramolecular nanostructure in cyclic and phenyl alcohols
	S2_Computer simulations as an effective way to distinguish supramolecular nanostructure in cyclic and phenyl alcohols
	Praca_doktorska_Grelska_J
	III. Publikacje naukowe
	C. P3. Comment on “Universal features in the lifetime distribution of clusters in hydrogen-bonding liquids” by I. Jukić, M. Požar, B. Lovrinčević and A. Perera, Phys. Chem. Chem. Phys., 2021, 23, 19537


	P3_Comment on ‘‘Universal features in the lifetime distribution of clusters in hydrogen-bonding liquids’’ by I. Jukic´, M. Pozˇar, B. Lovrincˇevic´ and A. Perera, Phys. Chem. Chem. Phys
	Praca_doktorska_Grelska_J
	III. Publikacje naukowe
	D. P4. High-Pressure and Temperature Effects on the Clustering Ability of Monohydroxy Alcohols


	P4_Grelska_High-Pressure and Temperature Effects on the Clustering Ability of Monohydroxy Alcohols
	S4_High-Pressure and Temperature Effects on the Clustering Ability of Monohydroxy Alcohols
	E Oswiadczenia wspolautorow
	WA_Burian
	WA_Nowok
	ST_Temleitner
	ST_Park
	WA_Jurkiewicz
	WA_Pawlus

	Praca_doktorska_Grelska_J
	Aktywność naukowa
	Referencje


	CrossMarkLinkButton: 


