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Zusammenfassung

Polyzyllriosnahe sche Kohlenwasserstoffe (kurz

Ver bindungen, die aus zwei oder mehreren ko
i hrer auCergew®hnl i chlterneiBi geafsitenimd i regne ru nida b
di ese Verbindungen groCes I nteresse bei Ge
geweckt . Dr uck hat sich al s ein sehr l e ¢
er wi esen, der strukturelle Ver 2endsea huanfgteenn

beei nnf.l ubsasheer kann die Untersuchung des Ver |
in strukturelle | berg2nge und intermol ekul
Kl asse organischer Materialien geben. Dar
Ei nkrR%°ngainlb eeamggnigss¢gdnm ylsdRaly ™HAi f fr aeXtRiDQn,i nkur
Di amant st eempel: izedtihaemond anvi | cell s, kur z

wei cher druck¢bertragender Medi en wie Edel
von Kr i srteanl,| st rPlhlkatste numwaadbbéongemati onspf ac
thermodynami-odReen UGBIg¢éiect hgewi cht, Aimar dnun
che

Hochdruckbedi ngungen geschaffen. Trotz di es:s

PAK mi t-XRh®cBCi mmer auf ei ”erl BrPwc b ewarmr ma

mi schen Bindungen organi scher Krista

Diese kumul ative Dissertati-OREEppeé@sementet z
Hochdruckverhalten von vier Vertretern der
wurden: Na@sht haAht hHi@€Ce P yu(li@n uinG BenzaB) a] pyr
(€. Hierfe¢gr wurde die Ver@nderung von St

PAKntzzamehmBmawdekh unter sucht und dabei der en

I m ersdieesde®i Forschungsprojld&kdsdwwekleedleal tF
Naphthalin und Anthracen bis zu 50 GPa bzw.
keine Phasen¢gberg2nge und bel egen die beme
unter extremen Bedi ngungen. Diseh f-Aetrdm | gr e
Verfeinenghgehihr(shfeld Atom Refinements, k
Ei gnung dieser Methode zur pr2azisen Besti mi

in organMacérialien, selbst bei geringer Vo

Fer nwaurr d e Pyren bis et wa 35 Gp a unt ersuctlt
Phaseng¢ber g&ingzu YOI (eBry 7e®Pa) und zu den bi s
3



Pyrlevh (2,7 GPY)(0nd BBFRaprpumndi Bi Sdungsanal yse
ei ne all ma@hliche Druckzunahme ei ne konti nui

bedi ngt, was echémelkl s bar unsbherkta n ndteern KR hs2nmnoun

Mol ek ¢l e. GroCe organische Mol ek¢l e wei sen
Fl exibilit2at -®&ubjswadurddh GHPywr eer hal ten bl eib
(DFBérechnungen deuten dar awfenhitrherdasyndme
me ttad i | gegen¢gber der bei 0,3 wund Ol I5l Gpa i
sind.

AbschlweCédeaddas HochdraBckiver B8l GPa womneBsuct
BaP-1 1 P21/€) bei 4, 8aP-GPR1l )0 nWeiB 7,1 Gpa zwei bi s
Pol ymorphe besti mmt werden konaPtl e2/c) Dxeur st
BaP-l IP2/¢)er weiixcth al s eine abrupte nderung des
der Gitterparameter a undaPh P22 hzaBd nBa-1 i e Umw
durch eine SymmetrieverrineBerrwerdg nquaRdedmn 2 esitc It
oberhalb von 3,5 .GPa die stabilste Phase

Die in dieser Dissertation vorgestellten Arb
von PAK jenseits von Normal bedingungen, der
di eser relevanten Material kl asse sowier ihre
HochdBSuektragen zudem zum grundl egenden Ver
PAK bei und erfordern weitere tHiegeansdhsafhtes
Beziehungen.



Summary

Polycyclic aromatic hydrocarbons (PAHs) ar.
two or more condPuwe etdo btemgiemeexceamtsi. onal pr
applications, these compounds have attract

chemi sts aPRPdepbysechassbeen proven to be a
parameter which induces structur al transf or
exploring the behavior of PAHs usBteucpuessk
transitions and intermolecular I nteraction
Furt hemdanoa@vancencernyts-toafly sdinfgflkeRD}) i bac (i ®8Cque
di amond anvi l cells (DA€g)anwimihttmhg unmedi af
gases, has created new possibilities,for i
equilibriwmuiahidbrnounm transfor mati on pat hs,
chemical bonding of orgaexpl| cpwadds higd unared i
However, despitesthesaratdvanocdXeDt stnfavRABE eu
l' i mited to only up to 2.1 GPa

This cumul ative thesis presentthe¢e hoeriegslessuurlet s
behawif orreypm e sseonft afddndasp ht M aClHgg neant hrChlc)e ne

pyreeékt), and benzaP] £HPYU seiargn € Br eXRD ni NSMACS .
We analyzed their structure and bonding ev

their properties.

I n the first part of this r e@geasrsauhr,e Wwe hfawda
napht hal ene and ant hracene uQurt o i510d i GRjas a ned
phase transitions and demonstrate the r emé
extreme conditions. The successful applica

hi ghlights the method's vieabialt iotmy pfoein taoasr

materials even with | ow data compl eteness.
We further i nvesti ga@uwrd fpiymrdckinreg su pr etvoe a~ 3 5t hG
from pyrnteniplyr(elh.e7 GPa), and t o tlhvwe (p2r.e7v i GPuas)
and pyrehe3 GPa). The structure and bonding

results in c¢onofi nnmooluesc ucloamrp apca d koinn g , eventua
5



mol ecul es, whi ch has never been observed b
unexpectedly high conformaVW¥VWiapal of I3&x iGPial. i tDy
Functiona(DF)Thaloagyl sau g persst t hat t he phases
thermodynamically metédstapreviompayed epor perl
GPa.

Fi navel yal so i nvepgtegated bRakuaphitgoh 208f BPa. We |
two previously uraRiniBg @ol Yim@aPdoiPR1 )abadt B7 . 1

GPa. The structur aPl R2ca nsBlolBai@t imami ffreemsB as
abrupt change in the inter mol eaa@awnlgarwhaenrgd aes ar
t he transf oaP-m&PRi/)o ntalfl rIB-in)(Bi s characteri zed by
symmetry. Accatduhgti onbFRHlalblovies 3t.be Giamas t Bs't

The work presented in this thesis enhances ol
noambi ent conditions, the evolution of chen
materials, and their structur alt daylnsaomiccosn tarnidk
to the fundament al understanding of t he pol

t heoretical expl @matpieart yo fr etl mdii ro nsthri pst. ur e
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Chapténttoduction
1. The 1 mportance of PAHs

PAHs constitute a common c¢class of compound
more fused dhema&t icco mpuoncghshsr ggeale arn,onand man
col oPAélss are widely distributed throughout
significant attenteicoognduaedt carn dhienaogewdlcli ty
genotoxicity, posing sewiobds$]{ veatht BROLOKkS
Beyond their environment al and health i mpl|
organic semiconductor s, exhibiting uniqgue ¢
arise fromctomgiurgadxtoemncerdd di V &iileie , m@8DE@RUI ar

I'n @&t v ematniyn PsAHs ar e found[ Bfharcweay,winthtdé )oi |

ot hers are primarily generated through the
and hydomtg@inni ng materials, such as coal, o
predominantly odet@r ciuemrdte[rdd@®@md/igéaidg rmd42.0 0 8 )

Further mor e, PAHSs extend their significan:
component of the interstellar mediaurs (I SN
astrophysical processes, with I nX@aofedt s e
carbon in the wuniverseldd@Al Ibaemaatdteadliad 85 e d
Ehrenfreund & Charnley, 2000; d' Hendecourt
The i mportance of PAHs is not i mited to
extraterrestrial environment s, but Faolrso to
exampl e, t he four represendmaphteh(a@i@®mse st u
ant hr(a@iey e p y(rasn)e @BaPdC:H1)ddemonstrate diverse
Napht hal ene appears as a white crystalline
a mangredient of traditional mot hbal |l s. Ad
effective solubilizing medium for poorly s«
i n various <chemicaletapapd20f0sOa)tai owmiglaep Sbam@EP&ni t
semiconductor, anthracene is particularly n
which show promising potenti al f eermi ¢ 1t e atgi n

di odes (OLEDs) for Hoetg,hda B ®R¥P2)apdp |i &t csa tdiean sv a[t9
widely used as fluorescent dyes due to thei

we l | as fluorescent probes in wdr,iad2i1l 8s)ci e
13



Unl i ke ot her PAHs studied for aR hies r praidmamicle
researched for I'ts toxicological effects an
carcinogenic proppdr,taibedd22[)11] (Bukowska

1. 2Napht hal ene, ant hBaRid ehree s i pnprl eersd, anc

represent atiiave a mbfi emMAHs< ondi ti ons

(a) % % (b) (c) \\ \\
oS §§’ AN
P R OLER N
(d) % % (e)

Tafs AN
AR AN

Fi galCr ystal shapihctthuarleesneo,f ant hBaBeCcapheNapht bakenan
(ba)nt hr @pymen e dBpPavn e we d a-a& wiegBaRvhieeweed al ong [ 10 O

C atombaarkde at oms are white.

Napht hal ene (C H ) is the simpl elshte RAH,stcadn
structure of napht hal emda hwasgMb ruar bpet mstldu]d i e d i
(AbradamallowWiowilsi ng XRBMBdoerr eveal t hat it cry
monocl inic P2alcleatgerrouspt udi es, i net uf@giSn]jg t ho!
(Nat keatn, 2283 ng-csiysglaé¢ neutr on didfdferr adteiden
and Llat6&Cdrder fkheldaer sem,i t FRBBA) at various temp

provided precise atomic coordinates and i nsi
atoms within AheskowbtdihhheFagticeelclonofai mapht
t wo molecules, with a mol eculneort iar.rangement

14



Ant hracene (C H ) i s the second member ir
sikcxar bon Thengsystal structure of ant hracer
CruicKHslh@mwki ckshabkbpowddRrib g Thi s early study
by significant advancement ¢§ li&rde hin®&/n2R a wn heeyn, L
1979 ed -ci ngt &I neutron diffraction at 12 K

(C D ) . Their work provided a prfechosteh de
carbon and deuteri dkmghflothbe Asi tepettedfi a
t wo molecules, arranged in a herringbone mo
Pyrene (C H ) Iis @aooshetingpoéséniTheilf wue ek
crystal structure -bf pgreharakhewnzed pyran

t P cdpace group. Thi s s tRrouecetrurseo nwaasn [df1i%hs tt er
(Robertson & sWhiftReB,Calnd4 71)at er refing@O0OWith
Hazet ] al9T3D reference code FRIYRENNBRDOh2e) .u nAst

o f pyrene contains four mol ecul es, with tw
These mol ecul ar pairs are arranged in a san
packmonglhserved in naphthalene and anthracer
BaP i s one of the two isomeric species of be

ri ngytenieappnedars as a yellow s€&€rriydteaRdemnf art
were first descri pedl]lbkag 19,8 iGontn tdabi anleld iaPh eln® 3f 6r
solutions in the form of needles and pl ate
parameters usi mhaRR. cThe tnd BRddwe r veh enmeera < | p Ir
shapedt hor Pax2hi.c T(he cryst al st raPc twarse | aaft etr
sol va@]l bal l & Young, 2B9 bedt),lallnd7 &)e.f i Sikelds equ e
mor e ort halr pomlyimorph|[ @€ o n e gH ot veedv7/edr) , it tu
to be unstable and @madwalmeyl, iwittoh it lAR6 kmawitr
LowwvempeBEXRIDO emeasur eme2a@aratelalPO9K) enabl ed
precise strihet ergsamadPpgsnstudes ofwoBmol ecul
featuri ngombiumatqgiucen (Bfgd@mdi hghenEBdgaglatkin
arrangements, o kthrowfhtl Baj (tShcehat saHnh@i W) r ch

di stinguishes it from the molecul ar arrange

15



l. State of t-hreeasurefrasgtahalhem®r ant h

Pr

st

pyrenedaP and

essure has been proven to be a very power"

ructur al transformations affecting materi a

PAHs under pressure may providei ntnesn mgdhlteculnd

i n
ab
gi
hi
be
ad
me
i n
tr
un
p o
Gi

> o - 9 99 O T

D

™ O X O ¥ O T ®©¥ 5 O O T
-+ -

<

=}

co
di

teractions for this iIimportant <c¢class of orc¢
out the structur al behavior of any organ
gapascals is very |l imiterprelssuhseentabaty d
ndered by both the technical complexity of
cause of a common belief that the crystals
vancemeXnRD afec®@i ques i n DAC stwiud mes rmihtet iunsge
di 2@ubr ovi M2sOklysuch as inert gases, has cr
vestigating crystal structuresquipgdhasd umr

ansformation pathsa,ndmalheoulcarl d&roman gqegmeont
der previouspyessnexel ooredi hi gms -prkecrs uaxa mp
Il ymor phtihsrnre oinn ne was studied betwe2h] ambi e
ordanakR019)

gplr essure experimental and theoretical stud
nducted by differeomtesmerkeodxpeifheneht sstonhi
rried out byl B8]r d d gnend ©tBoB )slt9u3d8y t he v ol ume
pht hal ene under compression. He observed &
ound 3 GPa, indicating a possible phase t
ase transitions werandelfile®gfdbahegp &t dNi 8 oGPa

nducted fluorescence spectroscopy on napht
new broad emission band at 3 GPa, i ndi cat
ange. Nonet hel ess, some studiegVasdgh &s t

nNnedyand OINtLd @Il Ni etol all97WwWhi ch studied the v
napht hal ene under compression and used Res
idence of phase t rraannsgietsi.o nTsh ei ne xsiisntielnacre porfe
naphthalene underl mpr285%53y &8NMdle eftMevi =t deh at2
nducted experiXihips tosi2g GFPrawdenrd di d not

ffraction peaks or significant changes ir

16



occ
rep
of
i nd

tra

urrence of a phase teéan 8Ikiiikéthna.e hGa@Bvdrris e |
oustiendg ROVHet around ~2 GPa, a distinct
i nti€r IddaysdranCes curves was observed, sug:¢
icating potenti al structur al changes. 5
nsiéeéi obseweed up to 6 GPa. V8rdd o ( ©Or6 Ba@dm R

& Williamerf @Omé&d i nfrared sppctooS4opyGhPa.

dat
GPa
i n
ma t
Pha
t he

ant

spe

GPa.

str
stu
i nv
cl e
and
pre
GPa
Fur
al .
sig
Al t
pea
( Oe
sig
sug
O6 B
19.

sec

a suggested a3 pGhRas,e wirtalnsa tp osnsiakkl €2 s eco
. Notably, the disappearance of spectral
the infrared spectlriat,y coofu ptl eids wtirt éhn stihtei o
eri al may become amorphous between appro

se tuadsrthogm @ame hsarcene have been exa
past s.©V é[emd] deQ@fafdeasd flI96®Br)escence spec:
hracene under pr essurexsparainngd mtgs frreome a0l &
ctral changes, with diffuse bands at | or
This irreversible change was thought

ucture and mol eacdlharacreeaa@r vamdgee mantgh @fr e s
dy, Adam86land Adams &t iTlainz,e d1 9i8nlf)r ar ed s
estigate anthracene under pressures up
ar breaks inaslopgpethe BxdsGPaceilLoeligier pha
Al[ou7a]l i(tLeger &c Al dbwatl e RowddOilment s ac
ssures from O to -I5i.med&rPacharmaeges oibrs elr avtetdi
, suggesting the occurrenceorodiera tprhaansse t
ther supporting evidenvceedt by 8BlhadteZ htaroa n
199@ho conducted Raman spectroscopy meas:¢
ni fcirecarste iim the full width at half maxi
hough the Raman frequencies did not sho
k width supported the occurremrdce®f a p
hetelaP00B8Hduct eXiRPowder ments up to 27.8 G
ni ficant di scontinuities in |l attice par
gesting t hat no phase transition, occur
annon and@4Wi I(lICoBmasinon r&e pMirltldd msnf r2a0rleso
9 GPa, documenting a transition at apprc
ond transition near 7 GPa.

17



Despite vari ous i nvpsesgateormsehant or t be h B
ant hracene, inconsistencies remain in the re
SEXRMhad only reached pressureets, aup0 t6o) ,2.11le a&hR
uncertaintiesruegardinihbgebhaei or of tRege comp
1.2 summari zes -prreepsrseusreen tsattuidviee shiognh napht hal e
green circles indicate reported phase transi

transitions.

Observed phase

Max Pressure 2016,54.5GPa @ andition
A Naphthalene
@ Not observed
2003, 27.8 GPal*! Infrared phase transition
Anthracene 2013. 20 GPal® spectroscopy
V4 oy yrals
® Naphthalene 2010, 19.9 GPa™
Powder XRD © Anthracene
Powder XRD ©
1938, 5GPal*®l 1968, 5GPal2911991, 5.6 GPal® 2014, 6 GPal* Infrared
Naphthalene Naphthalene ~ Anthracene Naphthalene  spectroscopy
® ® e @
Volume variation Fluorescence pgqo. xRD Powder XRD
experiments spectroscopy
1968, 2.5 GPal??! 1999, 3.1 GPa™*
Anthracene Anthracene 2006, 2.1 GPal*
@ O Naphthalene
Fluorescence Raman o
spectroscopy spectroscopy SCXRD s
> Year

Figu2é& hematic dpregill@dmdhrods stuwdei empbbhhal ene and
ant hr actahnchkapmBdrue solid circles represent studie:c

reported, while green ebbedvedrphaseihdanat i ehs

For pyr eneobsietr vhedds umaenr hegdl ymesphrei f aer er
pyreoaldyrdéehé, was identified on single crys
di chl oromet hane s ol[u4tQiFoanb leatta R B Ga)wd s O f B u GB a:
have a different mol ecul ar packing model a
Al t hough spectroscopic data do not provide e
matter, It is worth noti citng atth aotn wifb rpaytriemrea
1 GPa, pointing towards the existence of ph:
was made as ¢d@lay ¢denall 78 €6 a transition w;
an abrupt change of. thed4 R@Pa.n Ispteern r Ranman <g
[ 48Sluet , aR@@&)ected a transformation at 0.3

dichl oromethane solution, and on a crystal [
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n t

he both cases |l b, obsmrivati o bphidedPdeser

(Fabkbtaaik006)

The

Four

(4

tran

poly

Desp

rese

been

dire

obse
(Fab

rema

chan

cond

To a

my r

comp

nt e

behaa?Pi dbmsobeBn studied at high pressur
ier (FYRamdmmrsnpectrosaPopyndeo apnaekbgumeeB u

GPapPDAwGZffMararer, aROO0OBhe study riempdoucteedd pah gps

sition occurring at around 13 kbar (

mor phs at ambient pressure.

I te numerousprseuslurres mehavhieorhiagfh t hese

arch gaps remain. For naphthalene and a
conducted up to several tens hhdveagilgagr
ctly observed. I n the case -bfl pyhasebpe
rved-pusissgXRE ,Shwi t h t he highest [pd®]ssur e
RtamiR006), the evolution of the crysta
i ns unknown. There is stildl a |l ack of

ges and the mechani smsaPdrneoi sgughasehay

ucted on its stipuetssmuale weomalvitoronsnder
ddress the existing research gaps, | fo
e Lauar ghv.al was to investigate the struc
ression, focusing on changes i n t hei

rmol ecus arWei ndiemeacctt on i nvestigat e wh e

napht hal ene and ant hr ac epnree scsowrl ed cboen doibtsieor nvse

we a
GPa)
poly
stru
ForaP
cond

unde

and

mp o

i med to confir m-ltlhle pporleysneonrcpehs oaft b te hoewwepryir

, and to investigate -lwheothdrheenpéobawtanmse
mor phl pgecemes under compressi on. Addi t
ctur al evolution at higher prag/s ssnreg g ean

B this study represents the fpirrestsuexpl
i Thomomsgh this study of these four PAHs
rstanding of the polymorpahmbsenpofc®Adist i
the evolution of chempcalpeboydired at ha@dth s

rtant class of organic materi al s.
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To achieve our research objectives, we have
these four PpAHess suunrdee rc ohnidgiht i o-X&Du s nnVBAS€gnc hr
explored pressures up to 50 GPa for naphtha
pyrene, an@&aP .35 GPa for B
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Chapt et Bods
2. 1 Design of experiments

2 1 Wbrking prDAR i ples of
Over the past 70 year s, the DAC has been

extremely high hydrostatic pressures, signi
physics. The DAC is capable of redé&hing p
Dubroviensl®iddi 6y oveitn,sakly0A2 2)c hemati ¢ of the D

I'n Fi.flum@d2its structure can be divided int
gasket, and t hesypsrteesns.ur e application

Pressure

medium Ruby

333
ST

7 \ Force

Force /
Diamond
Metal gasket Sample

Fig@tchematic DDAGgadmngf

Theeaft t he DAC is di amond, t he har dest know
of 10 and a bul k modul[wBs(Ood elalpipPOd®Binameh g

al so has excellent ther mal conductivity an
wavel engt hsr,aysn,cluwldtimagviXol et | ight, visible
an ideal ma tAecrcioarld i fnogr taon vtihles .def i nition of

exerted per unit area (P =nF/b&®) .achhwes,e ddibfyf
the diamond culet size. Culeaean arwi ttly pdicareétye
routine measurements up to 20, -h8@heasdr &6
experiments, smal |l er icguhleestt saiczhe se vaarbel er ehqyudirr

a DAC currently exceeds 1sfT®ge DA[GBLHGeoisgnld
21



Dubroviensla&iDd 6r oveitn,sakbkyd 2 )t hi s wor k, the pre:
tested was below 60 GPa, and we ealescstued a

experi ments.

A gasket with an indentation and a hole is p
lts primary function is to provide a space f
protect the diamonds from di teeot cd arstsadti.esTH

into two major types bas€ldioent mecdanveamed

me mb rDaAnGes . I n the mechanical type, the | oadi
mechanical system to thenedibamAGsl, anhel gr eass n
controlled by adjusting the gas pressure wi.t

the movement o&nshlki $ woedhadnoaldl ows for a sm
process and more precise céotrr sleveveal slach
studies at the ESRFXtRDatdirdfdégquicteadncalaltactaitng@
points, meenbuasaad ea rTiowdrn efAdLepo®ebDA@ & F7)

the coll ecti on uosft da ffferwa cptrieosns udraet tay (@idBn tjs, we
(Kaneor akPDAZ)

I n addition, a | argeXRDpemsang! egriosviadrewsc ihalg hfs
commer ci aAl nEpE(Bd el | @O GMonds usedup ml itehd sb st

Al max easylLab, offer the highest open angl e

2 1 P2 essure tmeadnisum tti ng

The pertersasnusrnei tti ng medi um -pl @aysurae cDAC I eaX p aroi
astransmet pressure from squeezing diamonds
compression design of the DAC, the paesence
hydrostatic environment. Tdrnystial paxperciumamt
good hydrostatic conditions <can reduce shec:
ot herwise cause bromadaeknd dgabfptéaesudi ¢ f madi ac
such as He, Ne, and Ar , as they hawde-I0Cl at i\
15 GHdJayar,am®dmBBNn otuemperoant ure expeoi mEdats,
as the pressure mediaymabeocoapseéeoint amasplrowi ¥e
which offers an aXRbtudhab Badv®&®ACageetpeci al
mol ecul ar crystals Clomt @aiu# ienng ¢ ithg Eouriceegsestuir g o n

experiments, we selteatnmsdi KCIT mhags meida upreasosuar &
22



choice was to avoid potenti al i ssues with wu
extended periods in an oven. Under high te

which might cause the DAC to | ose pressure

2. 1 P3 essure determinati on

I n Ipirelesxuperi ments, accurate pressusetaal i b
pressure measurements in DAC experiments we
For room temperature experiments, the first
peak positioGrd¢pO&D.(Alurbm)) .ofThe foll owing eq
relationship between the central pagsHi ti on
(Shen , akR020)

000 ¢ 83-0p 60L (2.1)

where A tamel Balairer ati oh)ldd nBx5.nf)s €Ml pdE(t
of R1 peak at _amsbiternet rperleastsi wree ;s batibwewtr R1
the ruby fluorescence method cannot measur

weakening of the R1 peak signal

The second ganetthoMRD st ancali brate pressure
parameters of a pr essukrneo wmarekgewa tmaotne rofals twa
pressure marker can be | oaded into-rtahyes . DAC
Common presssrenomaunte metals such as Au,
compounds | i ke MgOJ[ &55&&Iwaeck Rla Deévdie Ra |
200RBeeit , akDDOovVvifembnalkltkmi s study, KCI was use

transmitting medi um atnedmpperreasisuue aes hnragrhkeexr p € roir

22 XRDnet hods

2. 2 PowdeREB NE8CXRD
I n 1895, German physicist Walybkbel ByRAM®WtI@en M

Laue, another German physicist, made -t wo s
rayet he same order of magnitude as the ato
rays undergo diffracti ong (wdylnolmabsAd)isrog itnh rlcdt
British physicists William Henry Bragg an

23



determined the structuresXRDFrkGl ,t hN&d@Iwo ra&nd
formul ated Brag¢gHE aldedw, aolf 9 #7R)f | ect i on

CQOEF ¢ _ (2.2)

Whedies the distance between crystal dplsanes (
the angle of incidence {talyse amgl ¢ hlereitcweg s at |
the order of reflection -6aderntdeffdractuban) |

wavel engtrhayiodfi st hdei skcovery | aid the foundati o
of rdy crystallography in physics, chemistry,

Fi g22Rowd®RDThe " S" represents the powder sampl e,
detedtodord., @G@ndrepresent di fferent |l attice spaci
crystall ographid mloames.poMA&\ ama dihimeg pdiafnfer act i on
d Si mildardor,respon@@awiot t hteh ep | daidfdf hrea ca ti hoenr asnpgd cei n ¢
d andrel ate to diff erutan@Qg.sTthal Iredradap loins hp lpa e
the |l attd cehspdcifigadttit ba anygbk g alkllsg ggroavpehrince dp | bayn e

Bragg's Law.

The basic aproiwdeirpldee xpfeacmmeobe descri bed as
monochroermay ilceaXxm i s directed onto smal./l powd
latticekRpwands n( the crystal satisfies Bragg'
rays f ordwiatnhhddrhgél ae¢ t i ce pl anes, and the refl
2dwi th the i8&%ichndenthdeamientations of the po
di ffraction | ines &dd&r rpelsapnoensd ifnogr m oc oenaiccha I's estu r
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angl«fanéfi the incident di recitSichherraertienasi

cones intersect the 2D detector plane to foa
i nterplanar spaiamg isatgséaeeser Bthgg' s | aw,
generate correspoadingl dstfabaeth e md it figers en t.
spacings are associated with specific plane
on the. dAl e XfRDwalterods ni Mayud®uace and a det
to properly record the dif[bB(Hatl,L bll&®bBIFTnesa t
powXRrpattern, the structur al i nformation o
par ametderfsf ract dohf paaki ehapesi tion, and di
shape primarily aids in refining the cryst
crystal, such as strain, defect s, di storti
di ffractiomsppsovides information on the un
i ntensity is used to determine the atomic p
Y
S
WARYZ
V
S
X

Figure 2.3 Diffracdii mensdoomes oaft cmihcemae¢e e ay .di a

satisfyi-dgméhsei ohakelLaue condition.

The basic pXRDcdpn ebeofde&LCcr i bready sa sp af sosl | tohwsa

materi al , coherent scat trearyisn gb yo catuams iTrh et |
known as the diffraction effect. As Y he in
through ¢hestsalngsaeample (as shown in Figure
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specific direction if the crystal |l attice pl
This diffraction directi onhRifsorr etphree sceonrtreeds pbo

reci procal SEGXRtAn aley spios nitnv ol vEise gspaweressls kbheeyy |

with captursngmalififr act2iDondetector, recordi
positions abBiwyd ainnatleynzsiintgi etshe positions of t h
accurately calculate the crystal's |l attice p
i ndihckdst d each diffraction spot. Using the <c

(h B I, and thefratensntgpotsd(fwhich helps dete
we can deseymme cewtsttml , i1 ncluding its possi bl
combine t he hMillaned dinfdfircaecst i(on i ntensity dat.
structure. By refining the initiColmpmadel ,t owe

powder samples, th&Cs¢RRMataure obhaidedetlr ommr

2. 2 H2 gphr essur e XRD data coll ection strategy ¢

Synchrotron radiati on IS el ectromagnetic r:
particles are accelerated perpendi eMelVar t o t
synchrotron equipped wWhPFolal o« & ;& Blpge rinne v s U
in this study wer-EBSof(&ucbpdant SyhehES&RFon F

Extremely Brilliant Source). TheoasynOhrhadaOOon-
i, beam sia )~2a.n TEDR7Bb3eB8am s.iémg )~2a.t0 EISRF
EBS. -gaémedati on synchrotron facilities can |

hi gher t hanr alyabsoouartcoersy, Xal ong with broad wa
collimation. This significawytlandcecompheateass
caused by DASddkpeonmelyzetdhdemimci eanessenti a
higlalSIEXRD dat apries shuirggh experi ment s, as the
becomes extremely |l imited due to the applied

Synch#atsreaknrR®Cexperi ments begin with the cal
This is done using standard powder samples
crystal of . efmest.at i)t(eSi( (.MgPAhlcaa=s 8 ) 81 bE&EPhcCce, ¢
5.1832€C£x018; 2i3) 9@ 3)i al val uedefectamedisatmpn &
goni ometer angle offsets are obtained from t
integrated usi hb@@(Priepthsesr s&fPiWakasare plaa,am2@ k-
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are then refinedsafstijwlgRe ek CalR8AW)skProhe | &
parameters of enstatite providing precise ¢

a piece of metal

o

-+ >

sample chamber gasket

Intensity on diode, arb. units

Scanning direction

Figure 2.4 Schemaapiso rddda goma 1h aloif gondnCe n t

Proper alignment of the sampl equal itthye JXORADL d
The gener al alignment procedurreayiss. uTshuea |DOAyC
moved baynadmod oy s, while a silicon duoode i s t

X-r aiynt ewbenhyt he DAC movess atyhdemons istpiod n sinfi f

sample chamber to the metallic gasket-. This
ray intensity due to the strong absoeption
chamber to be ident iTthieadi,daxess saroevnf ii ms tFi agd |

center of the sample chamber. ddhmmar itnhge trh
absorption curves yonottairned Ipy s dt avken ragqudt me
study, when the DAC sample chamber is rela
being |l ess than ~60 GPa), the correction of
as possible using the sampl e ri.t skekdwe v era,t hbeer
PAHs have reilratyi mdlsyorwealonX we place a str

rhenium or gold) in tthkre sampati camambretiren oc @
correction should be smaller than the beam
After calibrating the-srndteatoipdn caéntmdrc,r oBe& 0

sampl e, t hermw agl ibgermaerd othnhteo X he sBmel eolf loeg c tdie
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strategy was bagedaoh,aawmwdrthealroartsof rang

open angle of the DAC. I n our workg,,scaatnseach
of 0.5A whil e r e3tdaht itnoyf 4 deA .DACuXfRDompa ttah,e wseC
i mmedi ately checked the data for intensity,
sample relative to the rotation center. Bas:¢
made within the |imited ®ebhiméei chat aoqgeabutr g. t

the subsequent-XBDatgsas(ohchkthei S peak searc
data integration) was dd&rnRiigak walkB us) war ¢ he
The crystal structures [ §¢Shee | dea tRa@r@mli) nreedf iunsei dn
with JLE®RZEZ|I omanqgwl20Wi%)ual i zation of the cry.
performed usinp4gWeh@al 30 Mi2WHBe

2 3Crystal structure analysis
2. 2. 81 hgle crystal:HARructure analysis

Traditionally, crystal structure refinement
(I AM), which assumes that the electron densi
assumption significantly affectstyharauonondr a
hydrogen at oms, as they pidhd se sed exrntlry no rdee nwsa |
strongly shifted towards the atoms to whict
underestimation of bond | engthéavevehowngt hwy
HAR can pH olvomde ICengths that are within one
obtained from neutron di ffraction [mMeasur e me
(Woi &és kaPR016) .

HAR i s a refinement method that wutilizes mol
on the Hirshfeld partitioning scheme, whi ch
using quantum mechanically der i verde nroelfeecrurleadr

to as Hir#dhfFeludiatomsansformation of the el e
is performed on the fly to generate -the <cor
sqguares refinement. This palocmsdelr,esadd si ti ni
iterdctaveuyyating a new wavefunction and ne\
refi nemewmnt iclycdenver gdesncae riessudcdhi edvAeRd .i s abl e

precise atomic positions compared to | AM.
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Il n recent year s, the HAR method has been i
name NoSpher AH (KReefe emtesnagelndth0 )our wor ORCWwe wuse
soft WBrNe¢ese, 22 22) t he OLEX2 plugin, empl oy
f

unctional -TZV®Pt psededRot enti al basis set
cal cul ations, as recomméndeKkd eiermatBlBe2 Or)el ev an
2. 2. Bowd¥RD daantaal:y sLiesb ai | met hod

I n our work, for samearegssut hfataseitre mpebarea're
and -mnghsure experiments, the quality of t
necessary to use the LeBail met hod for poly

and primarily pBRaikl pmetihao d,nsi.ntTrhed Le&@d by A
(Le Bai,lall98B¥% an analytical techniqgue wused

i nfor mat irary fproovdeX di ffraction data. The c
to seppaoaieiohe and shapes of individual roe
data using known wunit cell parameters and s

Unl i ke the Rietveld met hod, t he LeBanisl met |

or ther madi tpafr@aenes es ssol ely on fitting peak

I n our work, the steps for applying the LetE
software to identify the phases from the ¢
estimate the corresponding unitactildn pae alkn

Then, we input the wunit cell paramdg@Prs an
(Pet S?tl,eskk O D4) LeBail lornentngi arJsfimmectai on, th
di ffraction peaks are iteratively fitted
providing more accurate | attice parameters

atomic positionsemasnddubet mat hpafame that t|

true powder, exhibiting strong anisotropy.
were blocked, further | imiting the Rietveld
2. 3 The equation of state calcul at/
Theguat istoamt @f( EOS) i s a mat hemati cal model t
di fferent &dwdle axartaelmpesaturdunderesgargin
conditions. I n thermodyB@éscesommdnbsyausetdit
the physical state of gases, l i quids, and s
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system changes. I n t hirdetriMids ina g hwe HQSolt ihze mt
[ABinhcH947)mMeasure the EOS at a con3hant (an
t hiomdleriMBr nalg han EiOsbost hgeirvneanl by :

7 7 , 7
061 I—NIl—Il I 0= np -0 1T -— P (2. 3)

wheRies t he Vgirse stshuer a,e f @ir & ntchee K¢vod lutmee , bul k mo d
a nkl i's the derivative of thd&ahkkulbk!|rkodwldwd uwsi
its derivative are usually obtaine&d= ¥Yirom f it
AP@ang=(K®.In this work, we [uW]lsferdgeHlosafli.t 7c
201t40 f it e x\pdeartiamei nd ed redPalrienteoqu at i ons of st at

of interest.
2. 4 Theianalyol € cofisddn rismtf ed @ctsiuorh ace
Hi rshfeld surface analysis is a method used

crystal structures, and thdZMp(Me K iuheato,naed n.vi r o
2008lpacké&maynr oml $9 ac k8@mhay aat,i | 2kBY) defining a
around a molecule (the Hirshfeld surface), |
analysis of the molecular environment and th
Il n this study, we usmed($hacakety sP@8REYXphst eucp
t he HirshfTehled HI ursthdedsd. sur face emerged from

occupied by a molecule in a crystal for the |

i nto mol ec(yl3g49p afcrkénayme 0o ME9 9HI) r shf el d surfaces

after F. L. Hi rshfeld, whose "stockhol der p

mol ec[d] (eksi r shf el dBB,petd9TT)ally, a weight func-

Hi rshfeld surface, as given by the following

o Bémo|ecaujteApromolecule (2.4)
Nnerystoal procrystal

wher gprbdo€dcuies the electron density of the m
Jprocfnstd1s the electron densitlyhe fHitrhsehfealtd rsu
is defined as wWrg=0sbsuAt acaaywhpheli at on this
density is contributed equally by the mol ec

meaning that the contribution from the mol ec
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from all nei ghhher Hhgsmbkekedubasfaces of adja
due to the nature of the weight function.

Hi rshfeld surfaces can be visuali dggd, usi ng
d, shape i ndexEacahndo fc utrhveesden ensasppi ngs has it
visualize the molecul ar surface and its i1
Below is a detailed explanation of these fi

& HgyeeeH

Figure 2.5 Hirshfeld surf-daceobiatpypramiee mol eand i
mappeddwnh?h Zheotu 20DI128he (i) and (e) represent th

the Hirshfeld surface, respectively.
Ghorim$ @ normalized distance mapping that hi
where the closest intermolecular contacts o
Q, o iy Iy v di (2.5)

v dWw v dWw

I n thedrepmeksants the distance from a point
atom inside tlhke smdalhec Wdlies,t awmitiel d rom t he sam
outside the mpdwaawlwe. rTle ptoemrdmds o t he van de
atoms inside and outside tdhemamppeng| ewer e

efficiently identify regions of strong 1int
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This type of mapping allows for the rapid vi
contad&s shown in Figure 2.5, CHLHekrr éedd- L L &lgi o

interactions between adjacent pyrene mol ecul

der epresents the distance from a point on the
the mol ecudtmeapplihrgo,ugwe can visualize how t he
with the external envirepmnmeent sObhheheisct aarce
the surface to the nearedd daitmeampingi des tused

di splay the internal electron demmsnatpyi chigst r i
is typically employed to show the areas of ¢
the surrounding environment, maki Aganige par:

interactions such as van der Waaslimapponges a

reveals how the internal structure of the m
making it val utalbé e mbloe c wulnea'l sy zii mger nal geome
structural aspects.

Figure 2.6 The back view of the Hirshfdld surf:
pol ymorph at ambient condition, mapfdé&d Zwiotuh ( a)
et 28€I12.4)

The shape index is calculated based on the s
on the surface can indicate how mol ecules p
positive and negative curvatur e serceo rcroenscpaovned
surfaces typically pair with the convex sur
particularly wuseful for identifying compl em
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" List’ack i nRoerr aecx d mmlse, as shown in Fig. 2.
triangles in the back view of the Hikrbkdhf el c
stacking interactions -thké khaydiBéHprapcaktnearnn g t
&ByromLIanhe) cal cul ation of the shape kpkndex i

and mini mumk) cafvaeharsu(face, using the foll
Y -AOAGA+ (2.6)

Curvedness i s a quantitative measure of the
| odaelndi ng at a specific point. Regions wit
surface bends sharply, whil e areas with |
Curvedness mappings typically appear as | ar

dark blue edges (regions of hi gh plohsei ti ve

calcul ation of curvedness is given by the f
6 ¢ — (2.7)
Through curvedness mapping, we can identify

curved areas.
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16|
14

12

1.0

0.8

Pyrene-1
at ambient

Figure 2prifipmRiongerfor pyrene -Imop @lcuéhterspahimbbi pnt en
condil A @ meotu2®2Bhe four plots on the right repres

specific inoceematli ohsnger phlentepd®sentThtehe i &t amg
outside the Hirshfeld surface, respectively.

The fingerprint plot is another important to
and quantitatively analyze various intermol e
surface is rdpndyvantued. byfhese values <corres
di stances from the sud)f acna muitmsth etieong b€ omb e |
mappi nglaantdv at hes an thne nas i toma | pl ot, a fingeryg

Typically, each point on thedphddvalreeps efsemt &

surface point.

The intensity of the color in the pldt refl e
andicombinati on. Darker colors indicate highe
share that damdhi nlant igoenn eorfal , bl ue regions re
(fewer interactions), green indicates medi un
density (usually <corresponding to strong ir
compl exdi mbmaleoi nt er act i on waednifnoernnsaitoinoanl ipnltoot
fingerprint pl ot all ows for the quick ident
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i nteractions. By examining the distributic
guantitatively analyze the relativdocontr.i
exampl e, four typescomft risrtwd it dadtni arhse d&n d gtehr

pyrene mol ecul epoliymohegh pytremambi ent conditi

2. 5 DFT calcul ations

DFT is a method that approxi mates the f unct
reducing their complexity to a | evel wher e
Since its development in the 1970s, cBFET has
chemistry, and materials science due to its

reasonabl e accuracy at a computat[igh@alncost
et ,akR01Bhe core idea of DFT isdehasaililheofel e
i ts ground state properties, wi t-dnloaudt rtome
wavefuncti on, as required in tradi-Foohkal q
t hel[@P®BI| at el95BYy sol viShgmt b g[ullt & IS Hh am1965)

the electron density of a system can be ca

system's energy, structure,i@asnd other physi

I n t hi s -ptrhiensciisp,| efsi rcsatl cul ati ons are perfor m
the Vienna Ab initi o[ Ri(Kmuel 8ate rotnh nPialcdkesBdpee ( V /
proj-acgmented wave Z(FPBW),c MeKethdogilSeupel99)

i's empl oyed tioonrhainmdtl eer sedteicamrso,n si mpli fying
whil e maintaining high accufSaayn DT V alaene ave
t he e xccohrarnegleat i on energy i s aneemrgy, ade somiplo
compl ex interactions between el ectrons. The
used, as it improves upon the | ocal densi t
the electron density bnuotr ealascoc uirtast eg rdaedsicernitp,
wit h-umiohorm el ectron densities. I n this wo
parameterized by Per[deMer Baawh&998N0d Ernzerh

The valence el ectron configurations used fc
and 1s17 for hyeéewaovgeencuH.ofTheenmelrgrye was set t
accurate description of the el ectwaoniucsisntgr t
t he Moi#wlkkdwronkin{ B groinkk hSoRasctk 1.9 7BhHh e sppoeicnitf iger ikd s
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for the different crystal systems are detail
DFT calcul ati ePBsk,, soucthenasf aGGA to accurately

bet ween mol ecules (e.g., van-Dd3ermeWa alrso pfoosrecde
by Gretmm@I(Gr i nente, aR01ThHhi s met hod introduces an
correction, significantly improving ltnhe des.

order to accurately desc(feb@S) hef etlreetcroys tca
the PBEO hylhBi(Ad afudharnt dlle,@ )PBEO i s wi dely use:
combi nes a perotciko re xacth athagret reenee-c gy r &l athi 6o hep @t
the PBE functional. Compared to pure PBE, PE
certain electroni c rsetdri cdti inrge sb,a npa rgtaipcsuy,| aell eyc

properties related to excited states and | oc
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Chaptéhe8is synopsi s

This section offers a brief suwmarwhiacfh thhe

either been published or ar e ebvaienvge dp neoparne
Chapter 4 wee srudhpedsratadpdiitt thael e ne wm dt @ n50 n@Ra n ¢
SEXRDOur findings reveal no phase transitior

of these compounds Und€Ehapkér eheg wermrdispirens
behavior of pyreneXBPpP. t8edér 8l GPhassi ngafe€i
revealing the trlantso tlplpnand0@®@om @ERaenand tcC
unreported -Ip\h astéPs2 .@Anrd@Vpeat e @dE€Ba GtPer 6 pr ese
results of inveptegatur enbPehugtv d ot RBEXEERHRh usi n
We identified two prevaPlus layt udn kddloGma apdonl & .
GPa.

3. 1Studieaphohahamtehrmaamplenhe 50 GPa

Napht hal ene was studied und8EeEXmhD grhe wea alsisrug e
it mai ntains its monoR2c) ntibreughcecuur ehi(spa
undergoing any phaoweB dlmamdTighe omsl ecul ar arr
naphthal ene, characterized by a herringbone
par ameleamsflangl e gradually decreasing under
b/ dpar ameter showed t he | &asof rietdsucdriiogi,n adle
GPa, whaadaendtcheduced to 0. 83 oThet heexipre roirmegni
pr eswalrieme data were aormadleyaMdd nadhi®O@qwt hbd t he
Vof i xed &t dml®.f2i tit b= g9 .pRrE@)MeGRa,s &Knd KE = 5.
Further mor e, the intermolecul ar angle of n
increasi ndgecprelassémrgé 3. 78A at ambi ent condi t

indicating a densificatioprefsstuie molnadé dli an
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FigBLErystal s tnraupchttuhrael se n@f awnide vaend halac@met he [ 1
diredtai)omMapaht hanbérat oeomhdtinhaloenmse( b))t r &Pane o
ambi ent cdpanndti htrisabcnedn2ze. @3 GPa. C atoms are bl ack. H

Ant hracene also exhibits notable stability

structure PEpace tgood4ph8wrGPian ,Fiwi.t3h 1mro amhda
transitions observed. llaitke crea platr manle¢ ree ,s aretch
under pressur e. The bul k modulus and first

align with those of naphthal ene, underscor.i
compounds. Despite deeagme ed ioff f ecroemmpcareess sii o nt, hes u
hi gher bul k modulus values derived from DF"

decrease in intermolecular angles under pres

HAR was appl i edH tboonadn all eynzget htsh eofC napht hal ene

hi gh pressure. The HAR results for both <cor
neutron diffraction data and theor etaitcecal pr e
CH bond I engths even under extreméd dbomdi ti or
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l engt h at ambi ent pressure was 1.08(5) P
averadgeodd | engtwhiocfh 121.s0%(2ni ljar to that ob
di ffraction studi es[l ®]L e (pneadndnePuatwel reoya,n Tihh& & 2 g |
uncertainty in anthracene measurements was
hi gher crystal guality. De sqii ft fer chtclit @ ,omeddARC €
provided bond | engthsat lcatl adleidg vadotweh d icaln tf
as a robust-prteosocslurfeorcriyisglal | ographic studi
effectiveness of HAR in providing detail ed

el evated pressures.

The-CCbonds in naphthalene and anthracene u
three types based on their bondin@G@ kBamdron

|l ength changes were scattered with &klrFrge u

type$C ofonCds gener al | y cdoentprreeasssei oomn | engt h u
The crystal structures of napht hal ene and
t heir stability without phase transitions

successful applicpteosnuroef ahAaR yisn s hipglvi de
posi tions, enhanciPAgBl'o ubre huanvdieorrs tuanndde rn gc oonip r €

3. 2St udipgsewm®E to 35 GPa

This study f opcruessessuroen hehhea vhiiogph of pyrene po
SEXRD DAQa t h He -haysd rao gqtuaatsiic pressure medi um
to 35.5 GPa, the research revealed severa
pol ymor phs, providing key insights into ho

compression.

Upon initial colmpik s Sp ane BY/c) pwmpoeme 7 GPa, 8
transiti-oiFi({@ Bh/g)r eviaes observed. Despite havi
as pyrepgreaehi bited minor differences in |
Not ablbpngt ke iInl pwasensl i ghtl y Ilar gEhe thalne a¢ u
arrangemendtl irrenpmyrnede -§i mreani hompytramgdbame
packing motif. The observed transitton s
tempeara t[B&OPLioteasnal BABghtalBPeEmpt oaR000)
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but this study mar ks t hel If iurnsdte rs thriugcht uprraels saur

temperatur e.

Further compression |l ed to the discovery of
pyr-ewrei(dS8pacePfiypopuat 2.-TVGPamaPnwednet abl e urg
and displayed a more compl ex Vmolteceulearwearer
crystallographically distinct molecules forr
consisted ofecaullneoss,t whliate mohle ot her had cur

transition, the overall mol ecul at hpaekhr hgem
pol ymorphs, though the reduction in symmetry
significant changes in molecular interaction
At 7.3 GPa, another phase transit-VYonwhicchirr e

retained t he Fsiaghg®./s)p aacse-lpgya cedhpged ¢ r eHoevever , pyr
V exhibited a change in molecular packing.

pol ymorphs coll apsed, and the molecules beca
crystal laoxgirsa.p [tlithai rsa Is ttrruansf or mati on mar ked a

the flat mol ecul ar conf i gnod &tciud ms «furearluirer

V was a novel observation, as such curvatur
pressure in preWiroaumaisnteaedistsablPegyriemet o 35. 5
achieved in this study.
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a) Pyrz\ze-l (P2§) b) Pyg-n (P2< c) P§e§1§ (1%/%
AV S

NN C@{}{%C L

LATRY LS LRRARY

0=0—-0—0—0—0 0—0—0—0—0—0
0—0—0—0—0—0
©0—0—0—0—0—0 0—0—0—0—0—0
0—0—0—0—0—0
d) Pyrene-1V (P1) e) Pyrene-V (P2,/c)

N
i Mé@
P i

0~0-0—0-0—°
0-0-0—0~0-0  0-©-0—0-0-0

0—0-0—0-0-0
0=0~0—0-0—0  ©=0~0-0-0-0

©0-0-0—-0-0—°

Figg@r@ Cryst al structures of paxiesm)r Byl gamebri pMmd
conditiong;l ,(®) 7p\xGHRafe, b EHP0aFarbderitaa mR006GJd)- pyr ene
'V, 2.7 GPW,; 7.Bai®Psr.cofe mol ecul es ( s anpdawcikcihnegs ) ¢
motif are shown -I ¥ hhese bDwdt ompePyoéne atnldevi cbakt
sandwitohtBe rildHt andPWr @me not f eat ur eC saatnodmsi c h ¢
are black, &.atoms are whi't

The compressional behavior of the various fj
preswsalreme dat-artder-MBenaphand EOS. Kolaen db ul k
its firskbwaelree idat evmi ned to be 5.2(2) GPa
values were consistent with the results of
EOS parameters that agreed wel/l with experi

t hepeax ment al resul ts, with both sets of da
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pressure increased. However, phase transiti

structur al parameters, such as |l attice const

The study's most significant finding was t he
pyrene under pressur e, |l eading to pronounce
progressionl ftroo Ry ypsylwoeeneed a cl ear evtohearti on
structure shif thenrgrifnrglbronae sanm-hwigemeanhamaead p)
pyreiWNeto a simple herringboAs Bheamoé¢ment ar

compacted, the molecules themsel veseNegecame i
whi ch was a novel observation in this contex
using computational met hods, which showed

progressively with pressure. Thid phesbmeénes

of organic materials under pressure.

To visualize these structur al changes, a cor
pol ymorphs was conducted. Using computationa
wewer e able to accurately <calcul ate Tiont er mol
analyze the intermolecul ar i nteractions in

fingerprint plots were used.

Temperature
A Pyrene-I with
KCI medium
413K @ m Pyrene-I with
He medium
303K @ [40] Fabbiani et al., 2006
298 K ® Pyrene-III + pyrene-1V
6.5 GPa
298 K Pyrene-II Pyrene-1V Pyrene-V
0.7 GPa 2.7 GPa 7.3 GPa 35.5 GPa
293 K @ Pyrene-III
0.3 GPa
» Pressure

Fi gB383@verviah goiffesssuper i mepnt entbhnssat.fTbe croddr

represaeantnmpehriagpmes shir gh experi ments, where the sa
then quenched to 298 K at 6 .-t5e npPRear . a tplrivees slolir @dr c
experiments. The orange col ouctceodr rbeyeppeis] ami t h
(Fabitamil2006) , whedr ewaRBy roebnseer ved, which recryst

pyrene in dichloromethanatupPoB GRalic heating an
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Theoretical calcul ationbepsbabdkedt fyuanhtdetre
pol ymor phs. The eR)t habpy pdr ghlelreenrepVers e a(e d
pyr-neel ati vile weor epycraelnceul ated as a functi on
results suggddt eids tnhoarte psyraébnlaen dtVipaart e plea veere
pressures, but -Vakbbooene? ®GBPae pymabhe. These |
experi ment al oObseNvataisornfs,r swhereed egy reaneat 7
pyr-ei&i2ag), 3whi ch waedsyntheevious studies tF
0. 3 [APQaF abeitanail2006&as not Oobsetrevmepde riat utr i st
although it was predicted by DFT <calcul ati
di screpancy could be due to the exper-i menta
[ under idtiifdfoesreevretr ,comd a-t smpeshbapemrded shri gh
experi ment conducted at 473 K and 6156 GPa
(Fi g. 3Tch8insf i r ms -ltlhlatc gry riemceeed form under sp
supporting the theoretical prediction.

3. 3StudiBa wg to 35 GPa

This study inypyeetisgate daRrRthpel wmglohph$sB using
SEXRD in a DAC with He @aBl ,t htethepraemiueret med
undergoes a series of phase transitions as
BaP-I (spa®a/c)grtfvoapingst o a previously unknown r
BaP-l | , which retainP2Z/dhdusameahshbaces gooapl €
At 7. laPGPaunBergoes anothad I phasepboigmeonpih
(spacePlgr,ouwhi ch remains stable up to 28 G

pattern di sappeared, |ikely due to signific
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(a) Benzo[a]pyrene-1 (P2,/c) (b)  Benzo[a]pyrene-II (P2,/c) (c)  Benzo[a]pyrene-III (P1)

% 7
afel  enel  aies
L EeE L EeY | Bd

Fi gBd4e Cryst al saPrpot ywmesge-hé$ BB ambient conditi on
al ongaxihe (topcakigurndpotamdrl1i gqur &) 8 GPRraBvi ewed
axis (taoxpi)s a(nbdo aPtldn) ;at( c7). 1B GPa,aaa$ svi bapils alnang

(bottom); C atoms are bl ack. H atoms are white.

The struaPtliurat oambB e Fi3dgamddi t2 waAaGPasi mi |l ar t
previously reported resaPlasmbiTadet mMoaowdi heaows
par amatde r5E8:3¥=20 .(%536=13.63)h=97.0®H,6Mnd vol ume
V=124(54{)9 . I n coampariagom,. 8B GPa has atche uni't
3.5@(FU0b=21.6%)%=12.08990=95. (3B,8nd v ¥+9u9nie4?

i iIThe arrangementaP-lolf im0 | sicroilalRsr itno Bboah snr B
the molecules display a herradhgbohe3dgp,al{ Fegas.
b top), but the iaPlt caaPblRaunleamoamnglead| yndBf
projections al o3d@gb,t hkeotbt am).s lim durgsprevi ous
pr es[sfu(rZzehetu, aP024), we also noticed t-hat the
to pytemes accompanied by a change of t he 1 n

group symmetry remains the same.

Further comgpP-t essiecm!| bédBi mP-Itlhle dtor mai1i GRa of
tricliniPed)st rThet wme t( aPdllll @dar d mail3e POAIES uB e ¢
i b=12.6%)c=21.68)10=91.(R16A90. 48,4595 . 82,4 d
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vol wmé 11X .25 . The | owe @P-1slyl mnteot mpiroefal ol 6B B

| eads to the disappwdreand a ro,fa ratrstaas dirwaekomarnit nng bFoi
Neverthel ess, wh-andaxbeesve dt had aztgriu dsteéuirdel obfe aBr
resembl aPAd c ea akdol BB

The compressi aPapolbemawvplos wp tBo 28 GPa was
pr eswalrieme dRlt,aP-Blo,r aBEh dllled awearfei t t ed using tF
order-MBrnab0®&nFay Bt ambient condiViwasns, t
311.45 |, and(Kg ared biutl kK fmEde uese dievw &tr imv em e d
7.(mM39Pa and 1100r.elspBEle i va@ll gul at ed data have al
t hiomdler-MBr naB®8nThe EOS parameters Vappear e
295.%92K;1.53(14) GPa, and KE = 8.28(9)

I n addition to volume changes, the |l attice
with pressure. Tahbe kot BFBc canplhrBamebhebst ed d
changes during t he @aphaarsaeemetrearn ssihto rotnesn e d\ ostuabb:
transitaPdn tdiet 8BBn Becreas(i)gtor BnHE®) W& &8 e
bpar ameter i ncr(edg)saed {26p.16 5BPa r8a8B3Met er contir
decreased throughoubandglee phalsse fe@ms=aBTi 006 A
| 99.83i®RI IB. aPbt1 B the | attice parameters f

gradual compression as pressure increased t

Theoretical cal cuilmgii @gmtss pirrotva dtelde f sutr d thielri t
ent hal py gqH)f henaRecRBIB( aB-hdl Bwer e cal cul at ed
of pressure up to 7. laPiGPwas Athemmoseht spabk

HowevaPrl | Became more stable at pressures a
configura®ti oel ake® aP-htt o AthapressBrad | above
emerged as the most stable phase. These fin

wh e ral IBI wastdd at 7.1 GPa.

A geometrical aPampall wsmosg phfs twlaes BI so conduct

i ntermol ecul ar distances and interplanar a
Sci Py |libraries), the intermolecul ar di st a
BaP-l ,aP-Bl , aR-htdl BP-Il,n tBhe i ntermolecul ar angl e

72. 9A at ambient pressure to 73PI5A caatu s2e.d2 aC
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abrupt change in the intermolecular angl e, d
GPa. Further admpressii oemdof nBaPdd It r awhsefrcoer ntah
interplanar angle gradually increased from 5
exhibited molecul ar cura? atdurde nwn d esrh olwi gshu c i

mai ntaining flat molecular planes throughout

The analysis of tha® pPpobotygmbepbpblissshbwses hat B
mol ecul e are involvednenghmotengl|l ms| apacbonta
a planar stacking attsdifagkmbhigt)eo od malges ipbe nt (

pl ot surfacien ralvieal kded hmao!l ymor phs, t he mol «
contachsi gvh indor iecaqu !l es, participating in a pl
gener al trend i s observed with an increase
intermol ecul ar contacts and a decrease in HL
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3. 481 st of manuscripts and statement ¢

(1) W. Zhou (Wz), X. Li (XL), F. 1. Akbar (
L. Dubrovinsky (LD) and N . Dubrovinskai a

anthracene under highClpemEmrsgijmeuerrhianid e s ubmi

LD and ND conceived the ov-prassupeoerperi Weg
XLFI,APA avwHp er f or med sryanyc hdridtfrroanctX on exper i me
synchXotyomi ff anaataynedn stdhaet@l etuil @ali ons. WZ, L
analyzed all the data. WZ, LD, and ND wrot e
authors. AlIl the authors discussed and cont

(2. Zhou (WzZ), Y. ¥XYin (YY), D. Laniel (DL),
Pakhomova (AP), M. Hanfland (MH), T. Poreba
( LBR)nN. Dubrovi Rekgwmar pND3m of pyrene on conm
di amond .@ammunce&ati ong (Chemi290Or y

LD and ND conceived the ov-prassupeoegrperi Weg
YY, DL, AA, EB, AP, MH,s yIhR ,h rXeatadyo N f p e aft o
experiments. sWidc pXothpome d f maatl ysd sdla¢e ar et i
calculations. WzZ, LD, and ND analyzed all t
with T nput from all the other aut hor s. Al |

manuscriopt.
(3) w. Zhou (WZ2), A. Asl andukov (AA), A. M

Dubrovinsky (LD) andStN.ucDuwhbrradv itnrsaknasifao r(n\al)i.

benzo[a]l]pyrepnesdmder h&@ihé w,

LD abdoNceived the overall-ppeepace. eWgepri enp
AA, AM and MHy pehXomyedi ffract iZpmoexepasridme m
synchrotayomi Xf anaataynedn stdhaet@al etuil @ali ons. WZ, L
anal glzledt he data. WZ, LD, and ND wrote the

aut hor s. Al | the authors discussed and cont
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4 .1 Abstract

I n thisespludyeedweses uriegltbehavi or of napht ha
50 GPa and 43 GPa, respectriys€lay, Husifm@acsyo
findings reveal no phase transitions and
compaeunudnder extreme <conditions. The succe
Refinements (HARs) highlights the method's

positions in organic materials even with |
unddgranding of polycyclic aromatic hydrocar
ambi ent conditions, and the evolution of |

materi al s.
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4 . 2 l ntroducti on

Naphte(a&hHggaand ant(iCHadaeree first and second memk
polycyclic aromatic hydrocarbons (PAHs), are
| arge class of organic materials and have | o
mol ecul ar pavw&ionmgi ermtnat irend adfi mol ecul es with
significantly influenced by changes in tempe
Due to the relatively iwe aKAHx,t etrhreo | percoup earrt ii enc
are highly respon[si]faestbhabppli)ed pressure

Napht hal ene was f i r20t h ncveenstturgya,t evdi tihn tthhee fmi
structure repeoet { &L 94y® ) Abgr gphhawdsedi fXf racti on.

reveal ed that naphthalene crB2gat atbnzaesningth
mol ecul es per primitiete[d@li|aBOB3FekempthbpeEdalsi Ng
neutron diffraction at 12 Kibgo, iancvhp seevcignage ea p
determination of the atomic coordinates of
Lar pénpP004) furnaeht rexlpd me egsitrady HAiddgireacti on

XRD) at various temperatures, not only prov
analysing the thermal vibrational behaviour
Hi epr essure experimental and theoretical stud

conducted by differeomtesmetrkeoedsxpeifrhemenht ssonhi
carried out by [ BJoi dsgtnuadny itnh el 9308l ume <change

compression. He observed a small but noti ce
indicating a possible phase transition. Beyo

were detected anp tNAG¢A && . c d 0D d Bceet esdh efclt ur corsecsocy

on naphthalene from ambient to 5 GPa and i de
indicative of an irreversible molecular stru
those by Vaidy/glantl) K 8dledNyx)ol using compres
Raman spectroscopy respectively, reported n
pressure ranges. The existence of a phase tr

debaltred2013 ] cben deucotve ds expien g mEpowddrf fX acti on
20 GPa and did not observe any new diffracti
peaks, further questioning the occuragtence of
al[.10RP014) report edayusdinfgf rppoctdeorn X hat ar ounc
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notable stififlaryie@gddodt armees nared a shi ft i n
I ndicating potenti al structur al changes. 5
transitions were observed up to[@&@lPBP&a6) Mor
performed infrared spectroscopy on naphtha
phase tr a3 sGRa,onwiatth 2a possi bl e second tran
di sappearance of spectral f eateuriess tamsfsroari eac
spectr a, coupled with the irreversibility

become amorphous between approximately 30 a

The pure anthracene molecule consists of t
manner simil arThte mdphitchhailreenewas f irrasyt ref
di ffraction by [@r2dLatd®fanklLehmaf@b&p IPaywd cey
si ngryst al neutron diffraction abi1) 12 TKei
study achieved a precise determination of

deuterium at oms.

Phase touadsrthogm @mpme hsarcene have been exa
the past s ev Of &llefldeccca)d essed fl uorescence s
anthracene under pressures ranging from 0 t
spectral changes, with diffuse bands at | or
GPa. This i rer ewaes stitbd ieg hcthathng be associ ated

structure and mol ecul ar r eargsawnrge.melnnt sa od u ks

study, AddmHl®e®Bd)Tanilized infrared spectr.
under pressures up to 4.5 GPa. They identif
2.4 GPa, i ndicating the existence dfl6dag pha

(1991) <condurcatye dd ipfofwdaecrt iXon experi ments acr .
They obsdrimedar nacrhanges i n |l attice paramet
occurrence of a phasemtdamsittriamm, tposnsi Fluy
evidence of a phase tratngs@alfilloond 9wa s whroo vci odnes
Raman spectroscopy measurements up to 3.1 G
width at half maxi mum (FWHM) of the peaks a
did not show a cl ear diesacko nwtiidn uho uissu psphoirftte,d ti
of a phase transi tetonall8]0n0 39 o nctornadsutcrt eeyde hpzoew
di ffraction experiments up to 27.8 GPa and
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parameters or notable changes in diffractio
occurred wunder these conditions[1MPO0O®6)recer
reported infrared data up to 19.9 GPa, docum

and suggesting a possible second transition

Despite vari ous i nv-psesgat eomsehant or tbhe h &
ant hracene, inconsistencies remain in the re

si ngrystay Aiffraction had onl yl@Eabkbhiednipres

al. 2006) , |l eaving uncertainties regarding t
hi gher pressures. To address these gaps and
extreme conditions, we cond-oyxsteallagXdt Utiyaasi
(SXRD) in diamond anvil cells (DACs). Our ex
pressure range from ambient to 50 GPa and an
these experiments, we cagwdludtliyonsontid ooledait
crystal structures under high pressure. Nota

compound within these pressure ranges.

4. 3 Experi ment al

4. 3Sdmpl e preparation

Crystalline powders of anthracene and naphthalene d%%>9&ity were purchased from

Merck Single crystals ofanthracene and naphthalene were selected under an optical
microscope and preselected for higtessure XRD studies in DAL (with naphthalene)

and DAGH#3 (with anthracene) at ambient pressure (see Table S4.1 for the summary of all
experiments). Two higlquality crystals of anthracene and two of naphthalene, each paired

with a piece of ruby, were then loaded into membitgtpe DAC#2 (with naphthalene) and

DAC#4 (with anthracene), each equipped with BoeAlerax type diamondf20] (Boehler,

2006), withculetszes of 250 em, and a rhenium gasket
and a thickness of ~30 e&em. frenbmitinghmeQitire) was
(PTM). The DAG#2 was gradually pressurized from 6.2 GPa to 53 GPa, and#®AGmM

1.5 GPa to 45 GPa.

4. 3Si2ngt st al XRD experi ments

SCXRD studies at room temperature were conducted in DAC #1 and DAC #2 on the ID27
beamline (&= 0.3738 |, ESRF) with a beam si z
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#3 and DAC #4 on the | D15B beamline (&=
approxi mat el ynbdth eSperiments, aSnicgraim of tungsten was placed in

the center of the pressure chamber along with the sample. The strag@sorption signal

of tungsten was used to adjust the rotation center. The pressure was determined by the ruby
luminescene method21] (Maoet al, 1986). At each pressure step, the data were collected

in stepscans of 0.5°upon rotating the DACfrol8 4 A t o +34A about the
scan). For singlerystal data analysis (peak search, unit cell finding, and d&igration),

the CrysAlisPro Softwar¢22] (Rigaku & CrysAlis, 2015) was employed, whereas the
crystal structures were determined using SHEELH (Sheldrick, 2008) and refined utilizing

the OLEX2 softwarg24] (Dolomanov, 2009). Hydrogen atoms were added using two
different methods, the riding constraint (HFIX instructions) and Hirshfeld Atom Refinement
(HAR) [25] (Kleemisset al, 2021), to automatically constrain their positions in OLEX2.
detailed analysis of these two modelling methisdeesented sepately in the discussion
section.Crystal structure visualization was made with the VESTA softy@8k(Momma

& lzumi, 2011) EoSFIT7 softwarg27] (Angel et al, 2014) was used to fit the pressure

volume data.

4. 3TIBeoreti cal cal cul ati ons

Our density functional theory (DFT) calculations were performed using the Vienna ab initio
simulation package (VASP)28] (Kresse & Furthmiler, 1996) with the Projector
AugmenteeWave (PAW) method[29] (Bl@hl, 1994). The Generalized Gradient
Approximation (GGA) functional was used for calculating the excha&ogelation energy,

as proposed by Perdéedurke Ernzerhof (PBE)[30] (Kresse & Joubert, 1999).
Additionally, we employed the DFD3 method for dispersion correcti¢dil] (Grimmeet

al., 2011). The Brillouin zone was sampled with a 53656 Monkhdtatk[32] (Monkhorst

& Pack, 1976) specialgoint grid for naphthalenend 4>6>6 for anthracene. Furthermore,

the valence states?2g? for C and 15for H were used with the energy cutoff of 520 eV for

the plane wave basis set. The geometries were optimized until the remaining atomic forces

were less than 5xI8 eV/A and the energy convergence criterion was set'ateM
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4 . 4 Results and di scussi on

4. 4Ndpht hal ene
4. 4 Slt.rlucture of naphthal ene

The structure of naphthalene determined at ambient conditions4(E&). is similar to
previously reported monoclinic structurésr a detailed comparison with the naphthalene
single crystal refined by Xay diffraction at 205 H4] (Oddershede and Larsen, 2004) and
with perdeuteronaphthalene(Ds) single crystal refined by neutron diffraction at 123K
(Natkaniec et. al, 1983), see Table S4TRe structure of naphthalene (Fig.1a) is
monoclinic (space group #1B2i/c) with the following unit cellparametersa = 8.147(6)

A, b=6.0035(8) Ac=28.293(3) Ab=116.08(F °, and V = 364.3(4) AsThe unit cell
contains two naphthalene molecules, with the molecular arrangement characterized by a
herringbone packing motif. This arrangement leads kt:C- ihtéractions between adjacent
molecules, contributing to the stability of the crystal structure.

Ry
BRARN

c)

-

Fi gur @ryst al s tnraupchttuhrael se n@ef awnide vaend halac@aget he

[ 1

diredqtai)omMapdht aanbéreaet oeomhdtiihadloenmse( atb)dOtthr &Pan e

ambi ent cdpanndti htrisabcnedn2ze. @3 GPa. C atoms are bl ack.
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4. 4. QoM@pressional behaviour of naphthal ene

Upon compression from 6.2 GPa to 50.7 GPa in a He pressure medium, we did not observe
any phase transition. At the next pressure step of 53 GPa,-thg diffraction pattern
disappearedrull crystallographic and experimental data for naphthalene are provided in
Table 31.3.

The dependences of the lattice parameters of naphthalene on pressure are sho@2an Fig.
(see Table &6 for numerical values)Upon compression of naphthalene the a, b, and ¢
parameters, as well as the beta angle, gradually decrease. For naphthalene, the reduction in
b/ is the minimum, decreasing to7@.at 50.7 GPa, while the changesla, andc/co are

nearly identical, both reducing to 0.83 at 50.7 GPa. Additionallyf) #rgle of naphthalene
decreases from 116.(09 °at ambient pressure to 1033 °at 50.7 GPa.

a b)
100 m alag 174 B
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2 e o o
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g B
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Fi gd2Rressure depkatehce pharameters of @apht hal
alap, blby, @&@owaf napht hal enebafp raplbtOh &1 &Paalay [bbt) o 50 . °
anatbcof ant hracene bwp tamth2 aX e@Rraby p(@s)e p4d2.snG&P4d.h

|l attice abar aancttemisi ent pressure, respectively.
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The values of the unit cell volume per formula unit for naphthalene as a function of pressure,
obtained from our experiments (Tablé. B, are shown in Fig. 3#|ustrating the pressure
dependence up to 50.7 GHédese pressureolume data were fitted using the thiodder
Birch-Murnaghan equation of state with tfbeed unit cellvolume per formula unitVo =
182.2 A3, which is the unit cell volume afaphthaleneat ambient conditions. The bulk
modulus, k, and its first derivative, K were determined to Be5(6) GPa andb.1(2)

190 240
@ Naphthalene @ Anthracenc

------ DFT Calculations ------ DFT Calculations
2201y

180
~ 170 1y

1604 4 4
\ 2001

,_.

w

=)
s

140 4
180 4

160

Volume per formula unit (A
Volume per formula unit (A%)

140 4

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45
Pressure (GPa) Pressure (GPa)

Figure 4.3 Pressure dependence of the unit cell
50.7 GPa and anthr@apnNappbthal d2e3 GIFPR. Ant hr acen
show the fitvodfumellexpeesmene alorder-MBs naghang t h
equation Yfisedtatwll8RB. 2 | 3,0=and55Ff6)ttGRay, pamd mek
for napWwfthakdnat 236.5 (3, 0=aBd4f(b)tGRg, pandm&Ee]
ant hracene. rahseh efdi tl ionfe sDFsTh &yl xedl adati oh687 dat a3 wi ¢
parametedld. B(2) GPa, and KEVWFEi $e® 9411322203 inZphd
parametets. K7(13) GPa, and KE = 7.34(8) for anth

The pressur®olume data points calculated using DFT for naphthalene are presented in
Table .8. The crystal structure at ambient pressure was obtained by setting the pressure
and performing ionic relaxation without argstrictions For highpressure data, the pressure
values were derived from the external pressure calculated based on the fixed lattice volumes
obtained from experiment¥he calculated data have also been fitted using the dhiter
Birch-Murnaghan equation of state. The EOS parametgrsaapd to be as follows) =
167.2A3, Ko = 10.8(2) GPa, and K'=6.9913).

6 2



4. 4 . Ge.o3metri cal analysis of the structure o

Figl. Abl ustratesnaplet salesved ual®4gn gfitrheec t[iSon,
to optimally display the topology of the m
i nterpl an)Jama@amtgh atskkef emo |l ecul es were approxi
pl anes cWngiaddroinngatl emsil e, using the NumPy
Pyt hroehdi (es 4i. MaFTlygey are 4l.8@9sd epdr esedtadd egi1Sajy

Fi4g.d4® a function of pressur e. sThhoewsi natnhe romoelr

decrease with increasing pressure from 53.7
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Figd4elnterplanar angles for molecules (&) the r
Naphthal ene structure as viewed along the [5 0
interplanar angles of naphthalene up to 50.7 GI
4] direction at ambienheciondéetpbasar (dhgiVariat

GPa. C &t amkd aHeat omg santdewhinte;r pl anar angl e.
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4. 4AA®t hr acene
4 . 4 St.rluc taunrteh roafc e n e

The structure of anthracene (Figlc) is monoclinic (space group #1B2i/c) with the
following unit cell parameters at ambient conditioas: 9.488(5) Ab = 6.0253(3) Ac =
8.5642(14) Ab =103.52(3) and V = 476.0(3) A3 These parameters as@nilar to those
previously reported for perdeuteroanthracene, as determinesingle crystalneutron
diffraction. For a detailed comparison witherdeuteroanthracen@Ci14sD10) at 293 K
(Lehmann &Pawley, 192), see Table &4. Like naphthalene, anthracene molecules also

exhibit a herringbone packing motif if viewed along the [1 0 O] direction.

4. 4 CQConpressional behaviour of anthracene

Upon compression from 1.5 GPa to 42.3 GPa in a He pressure medium, we did not observe
any phase transition in anthracene. At the next pressure step of 45 GRaaydififaction

pattern disappeareBull crystallographic and experimental data are provided in Tabke S

The dependences of the lattice parameters of anthracene on pressure are showr2 Fig.
d (see Table &6 for numerical values). Similar to the trend observed in naphthalene, all

lattice parameters of anthracene decrease with increasing pressure.

The values of the unit cell volume per formula unitdothracenas a function of pressure,
obtained from our experiments (Tabk. B, are shown in Figt.3b, illustrating the pressure
dependence up #2.3 GPa. These pressuvelume data were fitted with tHexed volume
per formula unitvo = 236.5A3, which is the volume anthracenet ambient conditions.
The bulk modulus, i and its first derivative, K were determined to Be4(5) GPa and
8.0(4)

The pressur@olume data points calculated using DFTdathracenare presented in Table

$4.8. The EOS parameters appeared to be as folldws:222.3A3, Ko = 11.57(13)GPa,

and K= 7.34(8) They agree well with the EOS parameters obtained from the experimental
data However the volume values from the calculated data fitting are consistently lower than
those from the experimental data fitting. This observation can be attributed to the fact that

DFT calculations simulate the structures at OK
4. 4 . Re.o3metrical analysis of the structure of

Figdc il lustrates the struct O4esdiafecdantomr ace

i nterpl atnjlam amtghreascdne were calculated using
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to naphthal ene, approxi mating the mdlecul e
carbonTheymare | istd8nd ipmeFahitedS4graphancall
function of pressure. The hiomwtse ramo loeveeiutald 1 alre

increasing pressure from 5426RA. at ambient

The comparison between the higressure behaviors of naphthalene and anthracene further
highlights their structural similarities and differences under compression. Figs. 4.1b and 1d
show the crystal structures of naphthalene at 50.7 GPa and anthracé28 &Pa,
respectively. From the figures, it can be observed that the intermolecular angles decrease
under high pressure, and the molecular packing becomes significantly denser. At 50.7 GPa,
the unit cell volume of naphthalene decreases from 364.3(4) Afabient pressure to
171.2(8) As Likewise, at 42.3 GPa, the unit cell volume of anthracene decreases from
476.0(3) Ant ambient pressure to 258.8(6) A3

4 . 34Hi rshfeld atom r enfaiprhd rheard te n(eHAR)d famrt hr ac e

Traditionally, crystal structure refinements have relied on the independent atom model
(IAM). In the 1AM, the lack of asphericity significantly affects the description of the electron
density around hydrogen atoms, which have only one valence electrsreld¢iron density

is often strongly shifted towards the atoms to which the hydrogens are bonded. The most
significant consequence of this approach is the underestimation of the bond lengths formed
by hydrogen atoms. For exampie,this work, all GH bondlengths were constrained to

0.93 A using the AFIX 43 instructiof33] (Sheldrick & Schneider, 1997) in OLEX2.

Recent studies have demonstrated that Hirshfeld atom refinement (HAR) can ¥ield C

bond lengths that are within one standard uncertainty of those obtained from neutron
diffraction measurements, offering comparable precig®ti ( Woi EBs ka et . al ,
Furthermore, using highesolution, goodjuality X-ray data can further improve the
accuracy and precision of the bond length measurements, enhancing the overall quality of
the refinement. With higiguality data, it is also possélto apply an anisotropicgatment

of hydrogen atom thermal motions, although this approach may result in slightly lower
accuracy compared to anisotropic displacement parameters (ADPs) derived from neutron
diffraction or other structural method84] [35] ( Woi EBs ka et . al , 2016 ;
2020).In202, GuwetBk[36latt empt ed JCMBN4(utropirte)pelymbrph

using diffraction data collected under high pressure. This was the first attempt to apply HAR

to molecular crystals at high pressure. Notably, the ldAfRe GH bond length, which was
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found to be 1.13(3) A at 0.34(5) GPa, is consistent within one standard uncertainty with the
value of 1.10(2) A obtained from neutron diffraction experiments on urotropine single
crystals conducted at around 0.25 GBd] (Binns et.al, 2016) This example demonstrated

that despite the lower completeness of diffraction data obtained for crystals in a DAC
compared to ambient pressure conditions, HAR can still be performed on lower symmetry
crystals under high pressure, prowdbe data quality is sufficiegthigh.However, due to

the lower completeness, only isotropic refinement for hydrogen atoms can be successful.
Subsequent studies on other molecular crystals under high pressure have also confirmed this
conclusion, demonstrating the reliability of HAR in higtessure crystallography, even for

lower symmetry structuref38] [39] (Olejniczaket al, 2022; Zwoleniket al, 2024)

We attempted HAR for naphthalene and anthracene using diffraction data collected with He
asPTMT he compl eteness of the data for the max,i
to 35%. The low completeness was due to the low symmetry of naphthalene and anthracene,

as well as the limitations of the open angle (70} of the DACs. Additionally, we aimed to

check if the refined &4 bondlengthswould agree with our DFTalculated data.

Fig. 4.5a shows the averageHCbond lengths plotted as a function of pressure for
naphthalene, with the experimental data plotted up to about 43 GPa (see Table S4.10 for
numerical values) and calculations up to about 53 GPa (see Table S4.11 for numerical
values), represented in different colors (red for experimental data and blue for calculations).
At ambient pressure, the HAR value of the average lnd length is 1.08(5) A, which
compares closely with the averageD(ond length 1.093(3) A determinedin neutron
diffraction experiments on perdeuteronaphthalene single crystals at 12 K. (Natkaniec et. al,
1983) While the average-B bond lengths are similar, the uncertainties for the HAR values
are significantly larger, with an average error of 0.067 fbss all pressure points in our
experimental data. Therefore, there is a systematically reasonable agreement between the
HAR and DFT data.
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from neutron diffraction.

Fig. 4.5b shows the averageHCbond lengths plotted as a function of pressure for

anthracene, with the experimental data plotted up to about 42 GPa (see Table S4.10 for
numerical values) and calculations up to about 39 GPa (see Table S4.11 for numerical
values), represented in different colours (red for experimental data and blue for calculations).

Note that the HAR value of the averageH®ond length of 1.09(2) A at ambient pressure
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is within one standard uncertainty from averagP 6ond length of 1.104(2) A, which was
determined from neutron diffraction experiments on perdeuteroanthracene single crystals.
(Lehmann & Pawley, 1972) The average error for the HAR value of tHeb@nd Ength

across all pressure points in the experimental data is 0.047 A. This smaller uncertainty, in
comparison to the larger uncertainties observed in naphthalene, can be attributed to the
higher quality single crystals of anthracene used for measure@emtll, the HARdata

on the GH bond lengths are in good agreement with the DFT refarltsoth naphthalene

and anthracene indicating that, compared to the 1AM, the HAR provides values that are

generally closer to theoretical predictions and more accurately reflé¢tsddd lengths.

4 4l.ntramol-@cwdrmad ICengths in naphthalene and

compressi on

To better observe the changes HC®onds in naphthalene and anthracene crystals under
compression, we categorize thed®dbonds within these molecules into three types based on
their environments. Typedenotes GC bonds where the carbon atoms at botiseto not

form C-H bonds with surrounding hydrogen atoms. Hipefers to GC bonds where one

of the carbon atoms at the ends formsld Bond with a surrounding hydrogen atom. Type

lll indicates GC bonds where the carbon atoms at both ends forbh ldrds with
surrounding hydrogen atoms. For example, a naphthalene mgbesskessesne GC bond

of typel, four of typell, and six of typell (Fig. 4.6a). The dependence of theQCbond
lengths in naphthalene and anthracene as a function of pressure is shown in Figs. 4.6b, c,
and d(see Table &12 for numerical values)Unfortunately, the values obtained from
experiment are scattered and the uncertainties are comparable with the variation of the
values in the whole studied pressure interval. Thereforeise@ theoretical data to see the
trend. As seen in Figs. @ball bonds are highly incompressible but tend to decrease with

pressure.
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4.5 Concl usi on

I n this study, we refined the crystal stru
pressures up to about 50 GPMRRB.NAdOUWRB &Pmer irr
demonstrated that both compounds ekbebvedre
phase transitions within these pressure ran

69



The i mplementation of HARs for both naphthal
can be effectiv-pt gssauprpel i @dt a nanhailgyhsi s desp

compl eteness, provided that the diffraction
OQur experiment al research contributes to the
polycyclic aromatic hydrocarbons under high

of stihmreprmhemlser s of a PAH series of compounds

materi al s.
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4. 3uppl ement ary

mat er i al

S

Tabl4gSsEmmary of the experiments conducted
DAC DAC type Anvils  type/ Starting material/ Beamline/XRD Result Pressure,
number cul et s pressure transmitting wavelength, A GPa
medium
1 Membrane  BoehlerAlmax Naphthalené ID27 ESRF, Naphthalene ambient
type 250 No medium 0.3738
2 Membrane  BoehlerAlmax Naphthalené ID27 ESRF, Naphthalene 6.2, 10.8,
type 250 Helium 0.3738 20.3, 245,
28.5, 35.1,
43.3,50.7
3 Membrane BoehlerAlmax Anthracené ID15B ESRF, Anthracene ambient
type 250 No medium 0.4100
4 Membrane  BoehlerAlmax Anthracené ID15B ESRF, Anthracene 1.5, 4.0,
type 250 Helium 0.4100 8.3, 108,
13.5, 15.38,
18.4, 215,
25.3, 29.0,
34.0, 35.5,
38.6,42.3
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Tabl eEXp@ger2i ment al crystallographic data for

singrlystraly Xiffraction in this work and in

di ffractionin refs.
Napht halene at a Perdeut er canta plh2tkl

CCDCdepos ;36,4371 1216820

number

Crystal d

Chemi cal Cibls C1 s

M 128.175 136. 212

Crystal . .

space grOMonocIchlanlc, Monoc P2/mi c,

a.  b) c 8.147(6), 6.0035 7.795(11), 5.94:

: : 8.293(3) 8.096(7)

U, (®A) o 90, 116.08(7), 9 90,114.09(13),

V(3 364.3(4) 342.3(11)

z 2 2

DensMg/@n( 1.169 1.244

Wavel engt 0. 3738 1.26

€ (mm?b) 0.029 0.948

Data coll

AbsorlOt!oMuI-stcian

correctio

Tmi,nTmax 0. 37, 1.00

No . of n

independe 890, 521, 191 1036, 907, 1036

observed

Rint 0.0931 0.01

dma (A ) 17.24

Refi nemen

Refi nemen F?

R[Z* 2] ,

WREH, s 0.0788, 0.1708, 0.031, 0.031

Data [ T 551/, 0/ 58

parameter

H_atameatnReflnedspbhyernlocnal
factors

. . w= /[P (F? + (PY. 032

We'ghtlngP=F0€+F2)/3

(ﬂma,xq;miﬁe_s)i 0. 1507.9,451

Crystal S
Cl¢:0.5354(6), 0.¢C1:0.(32992,0024912
C2: (0.4224(8), C2:0.(222385,001158
C3: (0.2792(8), cC3:0.(03712, 0.10

Fractiona C4: (0.2478(9), cC4: (0.07552, 0

coor df ) C5: (0.1748(8), C5:0.(25H601908269

WAaY n2. (0.477(11), D1:0.(47167,003406

H3: (0.228093160 D2:0.(27971,000%82
H4: (0.185(10), D3: (0.01722, 0.
H5: (0.027(10), D4:0.(3308830085877
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Tabl e( Selnt2i nuati on)

Napht hal ene at 205t

233931
Ci1 bls
128. 175

Monoc P/ i c,
7.9435(1), 5.9534(1
90, 114.998(1), 90
349.93(1)

2

0.71070) Mo K
0.070

Mu I-stcia n
0.970, 0.979
63300, 4250,

0.0321
27.5
|:2

0.037, 0.036, 0.95¢%
4250/ O

w= /2 (F) ]

C1(:0.32771(2):0.Q@4GD
C2:0.(22158(2)3:0.0076¢
C3:0.(03688(1); 0.10
C4: (0.07573(2); O.
C5:0.(254 @5 (1B)9;90 2F)6;€
H1:0.(46765;-00388386)
H2:0.(27416;-00082@0QQ8
H3: (0.01617; 0.407

H4:0.(3353300937360)
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Tabl eES@deBi ment al crystall ographic-caagtsa alyorX Nap
di ffraction at room temperature in this
Napht hal ene at 6. Naphthalene at 10.
CCDC deposit 2364322 2364323
Crystal dat a
Chemfoalmul a Cibls Cibls
My 128. 175 128. 175
Crystal syst MonoclPi/ai c, Monoc Poi c,
a, (), c 7.140(6), 5.5654(6.811(12), 5.4101(
U, (®A) o 90, 110.72(7), 9090, 108.82(12), 90
V(i3 271.4(3) 243.3(5)
z 2 2
De nsMg /¥m ( 1.569 1.75
Wavelength ( 0.3738 0.3738
€ (mmd) 0.038 0.043
Data collect
Absorption ¢ Mulstcian Mu I-stcian
Tmi,nTma x 0.2263, 1.00 0.0736, 1.00
No. of n
independent 644, 333, 189 505, 312, 191
reflections
R nt 0.0354 0.0381
dma (A) 17.22 20.97
Refi nement
Refinement o F? F2
R[22F)] , (R <¢0.0503, 0.1122, 00.0755, 0.1916, 1.
bata / "€ 333/ 0/ 58 312/ 0/ 58
parameters
H_atdmeatmentReflned-spbryernlocnal Refined-sphkernocnal
factors factors
. . w= /2(F? + (PP 07w w= /[P(F? + (PY] 1 46Ade
Wei ghting SC:F({Z+F2)/3 (F?+ F?) | 3
@ max@mi 6 e 0.1402.41,487 0.1807.12191
Crystal Stru
Cl: (0.2666(10), C1: (0.5830(12), O
cC2: (0.1535(9), 0C2(00.2616(11), 0.3
cC3: (0.7686(10), C3: (0.7729(14), O
. C4: (0.4615095098®C4: (0.4633(12), O
E;?f;&ong'es Cs5: (0.5792(9). 0C5: (0.1489(11). 0
ya H1: (0.200(13), OH1: (0.548(16), O
H2: (0.004(13), O0OH2: (0.220(15), O.
H3: (0.877(14), OH3: (0.87(2), 0.18
H5: (0.505(13), OH5: (0.000(18), 0.
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Tabl e( Selnt3i nuati on)

Napht halene at 20Naphthal ene at 2.Naphthalene at 2
2364324 2364325 2364326

Ci1 bls Ci1 bls Ci1 bls

128. 175 128. 175 128. 175

Monoc PiJoi c, Monoc PiJoi c, Monoc PiJoi c,
6.440(211), 5.19226.299(12), 5.153:6.239(11), 5.118'!
6.6024(18) 6.5364(18) 6.429(2)

90, 106.57(8), 9090, 105.89(9), 9190, 105.13(10), {
211.6(4) 204. 1(4) 198. 2(4)

2 2 2

2.012 2.086 2.147

0.3738 0.3738 0.3738

0.049 0.051 0.052

Mu I|-stcia n Mu I|-stcia n Mu I|-stcia n

0.1893, 1.00 0.2273, 1.00 0.2153, 1.00
548, 332, 227 434, 290, 191 463, 278, 1609
0.0286 0.0202 0.0445

20. 87 21.01 20.76

|:2 |:2 |:2

0.0751, 0.1721, 00.0®&43964, 0.940 0.079, 0.2067, 0.
332/ 0/ 58 290/ 0/ 58 278/ 0/ 58

Ref i neds hye rniocna l Ref i ne ds pbhye rniocna | Re f i ne ds pbhye rniocna |
factors factors factors

w= /[P (FA + (PP 13w w= /[D2(F? + (P¥. 1 7vP w= /[IP(FA + (P¥. ., 16w
= Fé+ F&) | 3 = Fe+ Fd) | 3 = F&+ F2) 1 3

0. 2*.72787 0.2872417 0. 27*®BY92851

C1l: (0.2258(13), C1l: (0.2247(16), C1: (0.2234(19),
C2: (0.742201L%)1,8(C2: (0.1438(15), C2: (0.1425(18),
C3: (0.4163(12), C3: (0.4152(15), C3: (0.4220(18),
C4: (0.5408(11), C4: (0.2558(14), C4: (0.253(2), 0.
C5: (0.8543(12), C5: (0.5422(14), C5: (0.5413(18),
H1: (0.153(18), 0 H1: (0.123(2), 0. :H1: (0.09(2), O0.:
H2: (0. 779(17), OH2¢(0.01(2), 0.587H2: (0.01(2), 0.1
H3: (0.471(15) , 0 H3: (0.50(2), 0. (H3: (0.46(2), 0.1
H5 : (0.991(15) , 0 H4: (0.19(3), 0. iH4: (0.20(3), 0.1
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Tabl e( Se&nt3i nuati on)

Naphthal ene at 35 Naphthal é&aPa at 4:Naphthalene at 50
2364327 2364328 23643209

C1 bls C1 bls Ci1 bls

128. 175 128.175 128.175

Monoc PiJymi c , Monoc Piymi c, Monoc Piymi c,
6.136(14), 5.0604 .

6.327(3) 5.96(4), 5.011(3.5.93(2), 4.913(2)
90,04.45(14), 90 90, 102.8(4), 90 90, 103.3(3), 90
190. 2(5) 177.4(12) 171. 2(8)

2 2 2

2.238 2.4 2.486

0.3738 0.3738 0.3738

0.055 0.059 0.061

Mu I-stcia n Mu I-stcia n Mu I-stcia n

0.281, 1.00 0.185, 1.00 0. 3356, 1.00
464, 234, 149 300, 171, 101 16221, 67

0.0272 0.0516 0.0122

18. 14 16. 42 14.83

|:2 [:2 [:2

0.0797, 0.1906, 10.0867, 0.2363, 0. 0864, 0.2046,
234/ 0/ 58 171/ 13/ 58 121/ 6/ 46
fRZl‘:![g(reg-smfyernlocnal Refined by ride 1 Refinedmobdyelri de
w= /[P(F? + (P¥]. 16WH9 w= /[lP(F® + (P¥. 179:tw=/[PFADH + (P¥].,1874
= F&+ F®) /| 3 wheR=eFf£+ F&) / 3 wheR=eFf+ F® / 3
0.22052256 0.20032028 0.22M62325
Cl1(:0.4187(18), 0. C1: (0.417(3), 0.C1: (0.418(4), 0.
CcC2: (0.8575(18), Cc2: (0.868(3), 0.C2: (0.133(@)2240
C3: (0.5400(18), C3: (0.548(3), 0 C3: (0.217(4), 0.
C4: (0.2214(17), C4: (0.223(3), 0.C4: (0.253(3), 0.
C5: (0.7477(18) , C5: (0.759(3), 0.C5: (0.449(4), 0.
H1: (0.46(2), 0. 9 H1: (0.507(14), I H1: (0.464(4), 0.
H2: ( 10..0621(72()1,2) , H2: (1.00¢(3), 0.1H2:0.(008¢(3), 0.584
H4 : (0.07(2), 0. 8 H4: (0.07(4), 0. {H3: (0.136(4), 0.
H5 : (0.75(2), 0. 9 H5: (0.84(4), 0. H4: (0.195(3), 0
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Tabl eEXS@gedi ment al crystallographic data for An
singrdystay &Aiffraction in this work and Perdeut

Ant hracene at amPer deauwmtterrraatc en%3 K

CCDC deposit 2364306 1103075

Crystal dat a

Chemical for Cikio Cibio

M 178. 235 188028

Crystal syst MonoclPJmi c, Monoc Piymi c,

a, () c 9.488(5), 6.02539.451(10), 6.016(
8.5642(14) 8.542(5)

U, (®A) o 90, 103.52(3), 990, 103.49(9), 90

) 476.0(3) 472.3(7)

z 2 2

DensMd /$m ( 1.243 1.253

Wavel ength ( 0.3738 1.025

g (mmdb) 0.03 0.9

Data collect

Absorption ¢ Mulstcian

Tmi,nTmax 0 46, 1. 00

No . of n

independent 9350847 1145, 1093, 1053
reflections

R nt 0.0046 0.02

dma (A ) 15. 46

Refi nement
Refinement o F?
R[28F)] , ()R <€0.0319, 0.0819, 0.034, 0.034

Data / restr 506/ 2/ 79

Ref i n e ds pbhye rniocna |
factors

w= /2 (F? + (PP 048
P= Ff£+ F&) / 3

H-at dmeat ment

Wei ghting sc

o maxCdmi 6 6_3)1 0. 07#03.506 59

Crystal Str
ci1t:0.5466(5), 0. C1: (0.31645, 0.1
c2: (0.6364(5), c2: (0.18304, 0.2
C3: (0.4096(6), c3: (0.08945, 0.1
cC4: (0.7779(7), C4:0.(04777, 0.20091
C5: (0.6833(6), C5: (001387185, O.

Fractional cC6: (0.8167(8), C6: (0021798698, 0.

coordfxryat es C7: (0.8668(7), cC7: (00362842, O0.
H1: (0.591(6), 0D1: (0.38642, 0.2
H4: (0.825(6), 0D2: (0.14527, 0.4
H5: (0.649(6), O0D3:0.(08531,0.00.7327304:
H6: (0.891(4), 0D4: (0-03B146%6, O
H7: (0.967(3), 0D5: (0-04D382§6,
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Tabl e ESdebi ment al crystallographiccdas@aaly oK Ant

di ffraction at room temperature in this
Ant hracene at 1.5Anthracene at 4.0

CCDC deposit 2364307 2364308

Crystal dat a

Chemical for CiHio CiHio

My 178.22 178.22

Crystal syst MonoclPi/ai c, Monoc Piymi c,

a ®) ¢ 8. 0741(10), 5.8288.747(11), 5.6633

' ' 9.032(11) 7.718(2)

U, (®A) o 90, 101.44(4), 9090, 99.35(7), 90

V(9 416.6(5) 377.3(5)

4 2 2

De nsMg /¥m ( 1.421 1.5609

Wavel ength ( 0.3738 0.3738

€ (mmd) 0.037 0.041

Data collect

Absorption ¢ Mulstcian Mu I-stcia n

Tmi,nTma x 0.66, 1.00 0.089, 1.00

No . of n

independent 68381156 51,38%30

reflections

R nt 0.0713 0.0535

dma (A) 15.711 15. 633

Refi nement

Refinement o F? F?

R[22F)] , (R <€0.0545, 0.1262, 00.054, 0.1102, O.

Data / restr 311/ 6/ 67 285/ 36/ 64

Hatom treatmRefined by ride nRefined by ride m

. . w= /1P (F® ], WkEeRfer w= /B2 FAD + (P¥. ,03uHY

Weighting sc 557 = F+ F2) | 3

@ max@mi 6 €3 0.089107 0.183116

Crystal Str
Cl: (0.4072(19), Cl: (0.445(2), O.
C2: (0.6487(19), C2: (0.194(3), 0.
c3: (0.787(2), 0.C3: (0.1215(17),
c4: (0.8807(18), C4: (0.399(3), O.
c5: (0.309(2), 0.C5: (0.361(3), O.

Fractional ce: (0.176(2), 0.C6: (0.167(3), O.

coordfxiyat es C7¢00.5504(16), 0. C7: (0.312(3), 0.
H3: (0.826617, 0. H1: (0.04ABRAPN,6, C
H4: (0.974(18), O0OH2: (0.148787, O.
H5: (0.348419, 0. H3: (0.02906 3, 0.
H6 : (0.117468, 0. H6: (0.105031, 0.
H7: (0.588333, 0. H7: (0.349227, 0.
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Tabl e( San t5i

nuati on)

Ant hracene at 8.3 Anthracene at 10 Anthrat2n® @GPa
23643009 2364310 2364311

Cibio CiHio CiHio

178. 235 178. 235 178. 235

Monoc Pimi c, Monoc PW/mi c, Monoc P2/mi c,
s.52208) . 5 sasa(d AZI(T)S 5 4045 2OLL8) 5 4007
909,7.85(3), 90 90, 97.26(2), 90 90, 96.21(2), 90
349.7(3) 337.12(19) 320.81(14)

2 2 2

1.693 1.756 1.845

0.3738 0.3738 0.3738

0.044 0.046 0.048

Mu I-stcia n Mu I-stcia n Mu I-stcia n

0.0085, 1.00 0.3268, 1.00 0.3578, 1.00
665, 354, 237 597, 402, 246 717, 446, 239
0.0407 0.019 0.0378

16. 31 18. 914 21.02

F? F2 F2

0.063, 0.1672, 0.0.0425, 0.0886, 0.0506, 0.1195, O
354/ 6/ 79 402/ 0/ 79 446/ 0/ 79

Ref i neds hye rniocna l

factors

w= /[?(F? +
= Ff+ F&) / 3
0.28W0.7272

factors

(PP 1482 w= /[R2(F?) +

P=Ff+ F?) / 3
0.29P1,1817

Ref i ne ds pbhye rniocna |

(F. 068 w= /[ (F?) +

Ref i ned-s mlye rniocna |

factors

= Ff+ F?) / 3
0.23®282657

(P 0 8 &HS

Cl: (0.4482(13), Cl1: (0.3532(7), Ci1: (0.1985(9), 0O
C2: (0.2027(15), C2: (0.4073(7), C2: (0.3064(9), 0O
cC3: (0.3105(12), C3: (0.4503(7), C3: (0.4043(9), 0
C4: (0.3546(14), C4: (0.2014(8), C4: (0.3532(9), 0O
C5: (0.4059(12), C5: (0.3108(7), C5: (0.4481(9), 0O
C6: (0.Q01624987), C6: (0.1688(8), C6: (0.1679(10),

C7: (0.1666(15), C7: (0.112908201 C7: (0.1144(10),

H1: (0.422(11), OH3: (0.411(6), 0 H1: (0.144(11), O
H2: (0.169(13), OH4: (0.156(7), 0 H2: (0.341(8), O.
H3: (0.335(10), OH5: (0.338(7), O H5: (0.401(8), O.
H6:0.(019(17), 0.4:H6: (0.128(9), 0 H6: (0.104(10), O
H7: (0.094(15), OH7: (0.002(8), 0 H7:0.(009(14), 0.5¢
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Tabl e( Sa&nthi nuati on)

Ant hracene at 15. Anthracene at 18. Anthracene at 21.
2364312 2364313 2364314

CiHio CiHio Ciio

178. 235 178.235 178. 235

Monoc PZJoi c, Monoc Pa/oi c, Monoc Pd/mi c,
8.209(5), 5.3592(8.156(6), 5.3045( 8.075(5), 5.2590(
7.1344(9) 7.0586(3) 6.9637(9)

90, 95.72(3), 90 90, 95.183(13), 990, 94.70(3), 90
312.31(18) 304.1(2) 294.7(2)

2 2 2

1.895 1.946 2.008

0.3738 0.3738 0.3738

0.049 0.051 0.052

Mu l-stcia n Mu l-stcia n Mu l-stcia n

0.6033, 1.00 0.3703, 1.00 0.0396, 1.00
527, 334, 214 495, 284, 228 617, 402, 241
0.0181 0.0206 0.0176

16.96 16.98 21.02

F2 F2 F2

0.0314, 0.0566, 10.0461, 0.1102, 10.061, 0.1466, O.

334/ 0/ 79

Ref i neds phye rniocna l
factors

w= /[[2(F?A + (P 03w
= F&+ F®) | 3

0. 1506.3L,422

284/

2

4/ 79

Ref i ned-s @lyerniocna l
factors
w= [[2(F?A + (PP 0 84
= F&+ F®) | 3

0. 180.11,252

402/ 30/ 79

Ref i ned-s mlye rniocna |
factors
w= [[2(F?A + (P¥. 1 0wA9
= Ff+ F?) / 3

0. 3107.62259

C1¢0.1976(8), 0.3 C1: (0.1955(10), Cl1: (0.6902(9), O
C2: (0.3497(8), 0C2: (0.4058(8), 0C2: (0.5959(9), 0
c3: (0.5532(9), 0C3: (0.3069(8), 0C3: (0.8100(10),
C4: (0.4022(8), 0C4: (0.3486(8), 0C4: (0.6465(9), O
cC5: (0.3069(8), 0C5: (0.5534(8), 0C5: (0.5543(10),
c6: (0.1115(8), 0C6: (0.1686(8), 0C6: (0.8912(11),
cC7: (0.1662(9), 0C7: (0.1087(9), 0C7: (0.8362(10),
H1: (0.156(7), O.H1: (0.201(13), OH1: (0.659(10), 1
H3: (0.585(8), 0. H3: (0.13.5070(71(05)),, (H3: (0.886(11), O
H5: (0.339(7), 0. H5: (0.607(10), OH5: (0.584(0L04)4,2 (0
H6:0.(008(12), O0.41H6: (0.090(12), OH6: (1.000(12), O
H7: (0.116(7), 0. H7:0.(000(14), O0.4CH7: (0.883(11), 0
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Tabl e( Selnthi nuati on)

Ant hracene at 25. Ant hracene at 29 Ant hracene at 34.
2364315 2364316 2364317

CiHio CiHio CiHio

178. 235 178. 235 178. 235

Monoc Pimi c, Monoc Piymi c, Monoc P2/mi c,
7.989(10), 5.21107.935(11), 5.160 7.854(16) , 5.1011
6.9048(5) 6.8359(6) 6. 7534(8)

90, 94.05(2), 90 90, 93.54(2), 90 90, 93.02(3), 90
286. 7(4) 279.4(4) 270. 2(6)

2 2 2

2.064 2.119 2.191

0.3738 0.3738 0.3738

0.054 0.055 0.057

Mu Il-stcia n Mu Il-stcia n Mu I|-stcia n

0.2668, 1.00 0.206, 1.00 0.4722, 1.00
584, 333, 230 529, 324, 229 434, 279, 192
0.0193 0.0106 0.0135

20.53 20. 98 21.21

|:2 [:2 |:2

0. 0946553, 1.022¢0.0447, 0.106, 1 0.0419, 0.1, 0.99
333/ 6/ 79 324/ 0/ 79 284/ 24/ 79

Ref i ned-s phye rniocna | Ref i n e ds pbhye rniocna | Ref i ned-s pblye rniocna |
factors factors factors

w= /[2(F? (0. P35 wh w= /[P (Fd + (PP 08& w= /[?(Fd + (PY]. ,0 8D
= Ff+ F®) /| 3 P=Ff+ F?) / 3 = Ff+ F&) / 3

0. 1303.1,460 0. 1202.21,482 0. 140.71,4 1

Cl: (0.4450(9), 0C1: (0.5940¢(8), C1l: (0.3043(9), 0
C2¢:0.6961(10), 0. C2: (0.6966(8), c2: (0.5521(9), 0
C3: (0.1926(11), C3: ( 0.01930272(98()3,) , C3: (0.4037(10),
C4: (0.3490(10), C4: (0.8352(8), C4: (0.8973(9), 0
C5: (0.5965(11), C5: (0.3473(8), C5: (0.6570(9), 0
C6: (0.12073(10), C6: (0.12053(8), C6: (0.8078(9), 0
C7: (0.8346(10), C7: (0.4452(8), C7: (0.12657(10),
H1: (0.419(13), 0OH2: (0.671(9), 0 H1: (0.336(10), 0
H2: (0.661(11), 0 H3: (0.133(10), H2: (0.607(11), 0
H3: (0.155(12), 0 H4: (0.914(11), H4 : (0.998(13), 0
H6 : (0.003(14), 0 H6: (0.011(12), HG6 : (0.872(11), 0
H7: (0.904(14), 0O H7: (0.429(9), 0 H7: (0.209(15) , 0
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Tabl e( Sa&nthi nuati on)

Ant hracene at 35. Anthracene at 38. Anthracene at 42.
2364318 2364319 2364320

CiHio CiHio CiHio

178. 235 178. 235 178. 235

Monoc PiJymi c , Monoc PWmi c, Monoc P2/mi c,
7.843(16), 5.09017.816(16), 5.05647.769(19), 5.0266
6.7422(8) 6.6915(7) 6.6325(8)

90, 92.91(3), 90 90, 92.66(3), 90 90, 92.14(4), 90
270.2(6) 264.2(5) 258.8(6)

2 2 2

2.202 2.241 2.287

0.3738 0.3738 0.3738

0.057 0.058 0.06

Mu I-stcia n Mu I-stcia n Mu I-stcia n

0.1156, 1.00 0.3437, 1.00 0.5346, 1.00
498, 304, 209 470, 280, 193 451, 273, 169
0.0152 0.0134 0.0314

21.014 21.05 20. 71

F2 E2 E2

0.0359, 0.0801, 10.0481, 0.1122, 1 0. 049 11,. 204.4132 ,
304/ 24/ 79 304/ 24/ 79 273/ 0/ 79

Ref i neds plye rniocna |

factors

w= [[2(F? + (PP 085 w= /[B2(F?) (0. @89 wh w= /[ER(F? + (PW¥. 0 1w
= Fg+ F3) | 3 = Fg+ F?) / 3 = FL+ F?) / 3

0. 1307.41,48 4 0.1881713 0. 1402.41,595

Cl1: (0.3461(8), 0C1: (0.3033(12), C1: (0.3036(14),
cC2: (0.5550(8), 0C2: (0.1878(12), C2: (0.1618(16),
C3: (0.04062578(37()3,), C3: (0.6512(12), C3: (0.8104(14)
C4: (0.3040(8), 0C4: (0.4042(00L1)75€6C4: (0.5564(14),
C5: (0.1042(8), 0C5: (0.5569(12), C5: (0.8988(14),
C6: (0.1906(8), 0C6: (0.1630(13), C6: (0.4041(14),
c7: (0.1670(8), 0C7: (0.1024(12), C7: (0.6541(13),
H2: (0.583(10), OH1: (0.344(13), 1H1: (0.-B400467),
H4: (0.343(10), 1H2: (0.161(16), OH2: (0.083(17), O
H5:0.(009(12), 0.3 H5: (0.582(15), O0H3: (0.823(16), 0O
H6: (0.158(8), O0.H6: (0.072(15), OH4: (0.591(15), O
H7: (0.103(10), OH7: (0.008(15), OH5: (1.011(17), O

Ref i ned-s pltye rniocna |

factors

Ref i ned-s pblye rniocna |

factors
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Tabl eL &t4t. i6ce par ameters for naphthal @GRha
wor k.
Polymorph Pressure, GPa| a, A b, A c, A b, °
Naphthalene 0 8.147(6) 6.0035(8) 8.293(3) 116.08(7)
Naphthalene 6.2 7.140(6) 5.5654(5) 7.302(2) 110.72(7)
Naphthalene 10.8 6.811(12) 5.4101(11) 6.974(4) 108.82(12)
Naphthalene 20.3 6.440(11) 5.1922(7) 6.6024(18) 106.57(8)
Naphthalene 24.5 6.299(12) 5.1533(7) 6.5364(18) 105.89(9)
Naphthalene 28.5 6.239(11) 5.1189(6) 6.429(2) 105.13(10)
Naphthalene 35.1 6.136(14) 5.0604(12) 6.327(3) 104.45(14)
Naphthalene 43.3 5.96(4) 5.011(3) 6.091(9) 102.8(4)
Naphthalene 50.7 5.93(2) 4.913(2) 6.035(11) 103.3(3)
Anthracene 0 9.488(5) 6.0253(3) 8.5642(14) 103.52(3)
Anthracene 15 8.0741(10) 5.8283(7) 9.032(11) 101.44(4)
Anthracene 4 8.747(11) 5.6633(7) 7.718(2) 99.35(7)
Anthracene 8.3 8.522(6) 5.5444(4) 7.4715(11) 97.85(3)
Anthracene 10.8 8.421(5) 5.4845(4) 7.3579(8) 97.26(2)
Anthracene 135 8.291(3) 5.4007(3) 7.2067(6) 96.21(2)
Anthracene 15.8 8.209(5) 5.3592(4) 7.1344(9) 95.72(3)
Anthracene 18.4 8.156(6) 5.3045(3) 7.0586(3) 95.183(13)
Anthracene 215 8.075(5) 5.2590(4) 6.9637(9) 94.70(3)
Anthracene 25.3 7.989(10) 5.2110(4) 6.9048(5) 94.05(2)
Anthracene 29 7.935(11) 5.1607(5) 6.8359(6) 93.54(2)
Anthracene 34 7.854(16) 5.1011(9) 6.7534(8) 93.02(3)
Anthracene 35.5 7.843(16) 5.0901(9) 6.7422(8) 92.91(3)
Anthracene 38.6 7.816(16) 5.0564(7) 6.6915(7) 92.66(3)
Anthracene 42.3 7.769(19) 5.0266(9) 6.6325(8) 92.14(4)
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Tabl eUrsidt. 7cel |l volume per formula uni

42.3GPa in this work.
F?Lﬁ??ﬂ{fffﬁ; Pressure,|Volume per formula unit
Naphthalene/ He 0 182. 2(2)
Naphthalene/ He 6.2 135.70(15)
Naphthalene/ He 10.8 121.7(3)
Naphthalene/ He 20.3 105. 8(2)
Naphthalene/ He 245 102. 1(2)
Naphthalene/ He 28.5 99.1(2)
Naphthalene/ He 35.1 95. 1(3)
Naphthalene/ He 43.3 88.7(6)
Naphthalene/ He 50.7 85.6(4)
Anthracene/ He 0 238.00(15)
Anthracene/ He 15 208. 3(3)
Anthracene/ He 4 188.6(3)
Anthracene/ He 8.3 174.85(15)
Anthracene/ He 10.8 168.57(10)
Anthracene/ He 135 160. 40(7)
Anthracene/ He 15.8 156. 16(9)
Anthracene/ He 18.4 152.05(10)
Anthracene/ He 215 147.35((10)
Anthracene/ He 253 143.4(2)
Anthracene/ He 29 139.7(2)
Anthracene/ He 34 135. 1(3)
Anthracene/ He 355 134. 4(3)
Anthracene/ He 38.6 132.1(3)
Anthracene/ He 42.3 129. 4(3)
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Tabl eDBS#@&aBcul ated wunit cell vol ume per
anthracen@Pap to 42. 3

Pol ymor ph Pressure (GPVolume per f)ormula unif
Napht hal en|O0 167. 17
Naphthal en|4. 4 135. 70
Napht halen|9. 8 121.62
Naphthalen|22. 3 105. 80
Naphthalen|[31. 3 99.10
Naphthalen|53.1 88. 70
Anthracene 0 222.29
Anthracene 0.9 208. 29
Anthracene 3.3 188. 62
Anthracene 6. 4 174.84
Anthracene 8. 4 168. 57
Anthracene 11. 7 160. 40
Anthracene 16 . 3 152 07
Anthracene 290 7 143. 37
Anthracene 26. 2 139. 70
Anthracene 32 1 134 41
Anthracene 34.09 132.009
Anthracene 38 7 129 42
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Tabl el Bt4e@Opl anar

angl es

of

Polymorph Pressure, GPa Interplanar angle, °
Anthracene 0 51.67
Anthracene 15 49
Anthracene 3.8 46.25
Anthracene 8.5 45.01
Anthracene 10.8 44.27
Anthracene 135 43.4
Anthracene 15.8 42.59
Anthracene 18.4 42.39
Anthracene 215 43.17
Anthracene 25.3 42.5
Anthracene 29 40.87
Anthracene 34 40.64
Anthracene 355 40.45
Anthracene 38.6 40.17
Anthracene 42.3 41.93
Naphthalene 0 53.78
Naphthalene 6.2 45.73
Naphthalene 10.8 43.33
Naphthalene 20.3 42.14
Naphthalene 245 41.4
Naphthalene 285 42.86
Naphthalene 351 41.08
Naphthalene 43.3 42.7
Naphthalene 50.7 40.6
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Tabl e Th4. &k per i mehbhthad n da vieemmggteh C n

Polymorph Pressure, GPa C-H Avg, A
Naphthalene 0 1.08(5)
Naphthalene 6.2 1.11(5)
Naphthalene 10.8 0.99(6)
Naphthalene 20.3 1.03(5)
Naphthalene 24.5 1.03(7)
Naphthalene 28.5 1.05(7)
Naphthalene 35.1 1.09(7)
Naphthalene 43.3 1.10(10)
Anthracene 0 1.09(2)
Anthracene 8.3 1.07(7)
Anthracene 10.8 1.06(4)
Anthracene 135 1.09(5)
Anthracene 15.8 1.07(4)
Anthracene 18.4 1.11(5)
Anthracene 215 1.04(5)
Anthracene 25.3 1.05(5)
Anthracene 29 1.02(4)
Anthracene 34 1.05(5)
Anthracene 35.5 1.04(4)
Anthracene 38.6 1.05(6)
Anthracene 42.3 1.04(6)

Tabl e TR4.

thlcul el i mondvieemgteh Ci n

Polymorph Pressure, GPa C-H Avg, A
Naphthalene 0 1.09

Naphthalene 4.4 1.087
Naphthalene 9.8 1.083
Naphthalene 22.3 1.076
Naphthalene 31.3 1.072
Naphthalene 53.1 1.064
Anthracene 0 1.089
Anthracene 6. 36 1.082
Anthracene 8. 36 1.08

Anthracene 11. 71 1.077
Anthracene 16. 29 1.074
Anthracene 22 .73 1.07

Anthracene 26. 15 1.068
Anthracene 32.05 1.064
Anthracene 34.94 1.063
Anthracene 38.7 1.061
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Tab&4.Di2f f er ent

experiments.

t yfe sbomfd

dweeargades Cn

napht hal ene

Polymorph Pressure, GPa Type-l, A Type-ll, A Type-lil, A
Naphthalene 0 1.414(7) 1.420(5) 1.381(7)
Naphthalene 6.2 1.408(7) 1.417(4) 1.396(4)
Naphthalene 10.8 1.386(9) 1.410(6) 1.376(6)
Naphthalene 14.8 1.397(10) 1.383(8) 1.360(6)
Naphthalene 20.3 1.377(7) 1.382(6) 1.359(7)
Naphthalene 24.5 1.389(9) 1.373(8) 1.354(8)
Naphthalene 29.5 1.385(12) 1.374(11) 1.367(6)
Naphthalene 36.1 1.375(12) 1.370(6) 1.359(6)
Naphthalene 43.3 1.395(18) 1.364(14) 1.359(12)
Naphthalene 50.7 1.40(3) 1.329(15) 1.335(11)
Anthracene 0 1.43(2) 1.412(4) 1.385(7)
Anthracene 4 1.455(6) 1.422(8) 1.350(7)
Anthracene 8.3 1.441(6) 1.409(12) 1.382(8)
Anthracene 10.8 1.439(4) 1.393(8) 1.376(6)
Anthracene 135 1.432(5) 1.393(11) 1.357(8)
Anthracene 15.8 1.435(4) 1.385(9) 1.372(7)
Anthracene 18.4 1.439(5) 1.384(8) 1.371(7)
Anthracene 215 1.422(5) 1.386(11) 1.371(6)
Anthracene 25.3 1.427(6) 1.384(8) 1.363(6)
Anthracene 29 1.433(4) 1.381(8) 1.362(6)
Anthracene 34 1.434(6) 1.369(9) 1.359(7)
Anthracene 35.5 1.417(5) 1.375(8) 1.354(6)
Anthracene 38.6 1.412(6) 1.374(10) 1.357(8)
Anthracene 42.3 1.412(7) 1.367(11) 1.359(10)
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5.1 Abstract

Structural studies of pyrene have been limited to below 2 GPa. Here, we report on
investigations of pyrene up to ~35 GPa usingsitu singlecrystal synchrotron Xay
diffraction in diamond anvil cells arab initio calculations. They reveal the phase transitions
from pyrenel to pyrenell (0.7 GPa), and to the previously unreported pydh€.7 GPa),

and pyrene/ (7.3 GPa). The structure and bonding analysis show that gradual compression
results in continuous coraption of molecular packing, eventualgading to curvature of
molecules, which has never been observed before. Large organic molecules exhibit
unexpected high conformational flexibility preserving pyr¥hep to 35 GPaAb initio

calculations suggest that the phases we found are thermodynamically metastable compared
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to pyrenelll previously reported at 0.3 and 0.5 GPa. Our study contributes to the
fundamental understanding of the polymorphism of polycyclic aromatic hydrocarbons and

calls for further theoretical exploration of their structpreperty relationships.

5. 2 |l ntroducti on

Polycyclic aromatic hydrocarbons (PAHSs) have long attracted interest as potential materials
for various optical, optoelectronic, and electronic applicatior3] [Pope& Swenberg,
1999;Silinsh,& Céek, 1994;Farchioni,2001) In addition to applicatiowriented research,

much work has been done for understanding the fundamental processes associated with their
structureproperty relationships. For example, the electronic and excitonic processes in
aromatic crystals have beetramgly linked to both the maber of aromatic rings in the
molecular structure and the arrangement of molecules in the crystaHapg( Swenberg,
1999;Silinsh,& Céek, 1994)

Pressure has been proven to be a very powdrdnimodynamic parameter which induces
structur al transformations affecting mater.
PAHs under pressure may provide insights into the structural transitions and intermolecular
interactions for this importartiass of organic materials. However, so far, the information
about the structural behavior of any organic crystals at pressures exceeding a few
gigapascals is very limited. It is mainly due to studies at higher pressures have been hindered
by both the teahical complexity of the experiments on fragile organic crystals and because
of a common belief that the crystals are quickly destroyed under compression. The
advancement of singlerystal Xray diffraction (SCEXRD) techniques in diamond anvil

cells (DACs)with the use of soft pressute@nsmitting media [4]JQubrovinsky 2013) such

as inert gases, has created new possibilities for investigating crystal structures, phase
transitions, equilibrium and nesguilibrium transformation paths, molecular arrangesen

and chemical bonding of organic crystals under previously unexploredptegbure
conditions. For example, recently highessure polymorphism in-threonine was studied
between ambient pressure and 22 GPa (@prdanoet al, 2019) Nevertheless, large
molecules of PAHs have long been supposed to have a low conformational flexibility under
pressure and sfar, have been studied using S(RD only up to 2.1 GPa [6]Habbianj

2006)
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Pyrene (@eH10) is a representative of PAHs. At ambient conditions, it is a solid with a
monoclinic structureR2:/c space group) [7]Kai et al, 1978)called pyrend. Flat pyrene

mol ecul es made of four fused benzene rings
herringbone motif (Fig. 5.1a). Because of such molecular packing and the ring's conjugated
"-system, pyrene crystals are of interest to study under pressure to examine-{mdssere

structural transformations, changes in packing of molecular units, and chemical bond

evolution in PAHSs. Previous structural studies of pyrene, using diffractitmi® enabled
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to establish its two polymorphs. The first polymorph, pyfBr({€ig. 5.1b), was identified
upon a transition from pyrereat low temperature [80] (Joneset al, 1978;Knight et
al.,1996;Framptonret al, 2000) Its structural motif is similar to that of pyrehelhe other
polymorph, pyrene Il (Fig. 5.1c) was identified on single crystals of pyrene recrystallized
from a dichloromethane solution at 0.3 and 0.5 GPaH&bljianj 2006) It was found to
have a different molecular packing model and difieretermolecular interactions.

Although spectroscopic data do not provide explicit information about the structure of solid
matter, it is worth noticing that vibrational spectroscopy investigation of pyrene up to about

1 GPa, pointing towards the existence of phase transformationseinepynder pressure,

was made as early as in 1976 [1Zal{en, 1976) when a transition was detected on an
abrupt change of the Raman spectrum at ca. 0.4 GPa. Later Raman spectroscopy study [12]
(Sun et al, 2008) detected a transformation at 0.3 GPa owrrgstal grown from a
dichloromethane solution, and on a crystal pressurized in argon up to 0.6 GPa, interpreted
in the both cases as observation of py+ghesimilar to that described by Fabbiagt al.

(2006) [6] Fabbianj 2006)

In this work, we have investigated the behavior of pyrene in the pressure range from ambient
to 35.5 GPa using synchrotron X®D in DACs. We have observed three hijglessure
polymorphs: pyrendl, whose structure was known from le@mperature experimentt
ambient pressure, but we solved and refined it at high pressure for the first time, and two
new phases, pyred® and pyreneV. Here we report the results of the analysis of their
structures and bonding evolution under pressure. Contrary to theysdebef that large
organic molecules have low conformational flexibility under pressure, we have
demonstrated that gradual compression results in continuous compaction of molecular
packing, eventually leading to curvature of molecules, which has nexepbeerved before.

Our results reveal that pyreivecan be preserved in He pressure medium up to ~35 GPa
due to fully unexpected structure compaction accompanied by considerable deformation of

molecules and their strong alignment along one crystallograpins.
5.3 Results and discussion

5.3.1 Crystal structures of pyrene pol ymo

Upon compression of pyreddP21/c) to 0.7 GPa in a He pressure medium, we observed a
phase transition to pyredke(P2i1/c) (Fig. 5.1b), which was still preserved at 1.4 GPa. At the
next pressure step (2.7 GPa), a previously unknown triclinic polymorph of pyrene,-pyrene
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IV (P-1) (Fig. 5.1d), was identified. The next phase transition occurred at 7.3 GPa te pyrene
V (Fig. 5.1e) with a monoclinic structurBZi/c). Further we describe in detail the structures
of all polymorphs observed in this work. Full crystallographic and experimental data are

provided in Tables S5.2 through S5.5 and Supplementary Data 1 through 12.

The crystal structure of pyrerie(Fig. 5.1a) was first reported in SCRD study of
Robertson & White in 1947 [13Rpbertsoret al, 1947) It was later refined by means of
neutron diffraction (CSD reference code PYRENEOQO2) [HaZell et al, 1972) The
crystallographic data of pyrefeobtained in this work based on synchrotron-$RD in
comparison with neutron diffraction data of Hazdllal. (1972) [14] Hazell et al, 1972)
are provided in Table®2. The structure is monoclinic (space group #2/c) with the
following unit cell parameters at ambient conditioas: 8.478(8) Ab = 9.2562(12) Ac =
13.655(7) Ab=100.31(8) “andV = 1055.3(11) A

A transition from pyrené to pyrenell below 110 K was first reported by Joretsal.(1978)

[8] (Joneset al, 1978) and the structure of pyreflewas suggested on the basis of a
combination of micreelectron diffraction and atodnatom, pairwise potential calculations.
Knigt et al. (1996) [9] Knight et al,1996)confirmed and refined the pyretlestructure
from highresolution neutron powder diffraction data collected from a fully deuterated
sample at 4.2 K. First singl@ystal XRD analysis of pyreAéat 93 K and ambient pressure
was reported by Framptat al. (2000) [10] Framptonet al, 2000) Our work reports the
first structural analysis of pyrerieunder pressure at room temperature using siagistal
XRD and provides crystallographic data for pyrélevhich are in a very good agreement
with those btained at low temperature and ambient presswE)[§Joneset al, 1978;
Knight et al,1996;Framptoret al, 2000)

We observed pyrerni and solved and refined its structure at two pressure points (0.7. and
1.4 GPa) upon pressurizing crystals of pyreimea helium pressure medium; see Table S5.3
for our crystallographic data in comparison with the-temperature datof Framptoret al.
(2000) [10] Framptonet al, 2000) It has the same space group as pyfewdh the
following unit cell parameters at 0.7 GRae 8.1431(12) Apb=9.8639(7) Ac=12.1136(4)

A, b =96.484(7) °andV = 966.77(16) A and a similasandwichherringbone molecular
packing motif if viewed along thedirection. Theb angle in pyrendl is about four degrees
larger than in pyreré Upon compression it slightly decreases.
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The structures of the two polymorphs, pyréaad pyrendl (Fig. 5.1a, b), are very similar.

As underlined in previous studies [8, 10d(est al, 1978;Framptoretal, 2000) fia s mal |
rotation of molecules around tleeaxis [it corresponds to theeaxis in the standard setting

P2:/c used in our paper for space group #14] of the pytemat cell generates a new

structure that is very close in terms of cell dimensions and packing motiftogyreree ( ci t e d
from Framptonet al. (2000) [10]). Namely tis rotation is responsible for considerable

change in the molecules interplanar angle (see the analysis below).

Further compression of pyretiieled to the formation of a previously unknown triclinic
polymorph of pyrene, pyrer® (space group #&-1), which we observed at 2.7 GPa and
4.3 GPa. The unit cell parameters at 2.7 GPa are as fobowg:593(3) A b = 10.223(3)

A, c=11.192(2) AU=92.536(19°, b =100.31(8 °, 0= 91.21(3 ° andV = 864.2(5) R
(Fig. 5.1d). Table 54 provides the crystallographic data for pyréveat 2.7 GPa and 4.3
GPa. In pyrendV, there are two crystallographically different molecules forming two kinds

of sandwiches, one consisting of almost flat molecules and another of curved ones.

Strictly speaking, pyrenrB/ does not possess the herringbone motif anymore, due to
reducing the symmetry down 81 and lose of thegg symmetry in the projection along

the a-axis. However, due to the anglesindo are so close to 90 degrees, it is practically

i nvisible (Fig. 5.1d) . So that we can say
much the molecular packing motif viewed along thaxis, it still remains sandwieh

herringbondike.

A new polymorph, pyren¥, was first observed at 7.3 GPa (Fig. 5.1e). It has the same space
group as pyrené and pyrendl (space group #14P2:/c) with the following unit cell
parameters at 7.3 GPa= 7.450(5) Ab = 6.4503(12) Ac = 16.096(2) Ab = 100.65(3 °
andV = 760.1(5) &. Table $.5 provides detailed crystallographic data of pyrerier six

pressure points in the range of 7.3 to 35.5 GPa.

As seen (Fig. 5.1e), the compression leads to the collapse of the sandwich structure in
pyreneV. The crystallographically equivalent molecules are aligned at a very low angle,
they are substantially curved and shifted with respect to each other, fornsingple
herringbone packing motif. A detailed geometrical analysis of the structures and shapes of

molecules in different polymorphs is given in a separate section below.
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5.3.2 Compressional behavior of the pol ymo
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The compressional behavior of the polymorphs of pyrene up to 35.5 GPa is presented in Fig.
5.2. Further pressurization led to the loss of the XRD signal. The values of the unit cell
volume performula unit for pyrend at ambient conditions and for pyrehiepyrenelV,
and pyreneV/ as a function of pressure (in He pressure medium) were obtained from our
experiments (TableS%). In Fig. 5.2 they are shown by solid symbols of different colors.
These pressureolume data were fitted using the thindder BirchMurnaghan equation of
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state (EOS) with the fixed zeqressure volum&op = 263.8 &, which is the volume of

pyrenel at ambient conditions. The bulk modulug, K and 1 tds first der
determined to be 5.2(2) GPa and 10.6(4) (Figs. 5.2, 5.3) using EoSFIT7 softwafadd] (

et al, 2014) The pressurgolume point for pyren&/ in Ne pressure medium, like also those

for pyrenelll from ref. [6] (Fabbianj 2006) were not included in the fit, although they are

shown in the figure.
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The density functional theory (DFT) calculated pressaleme points for each polymorph
(Table %$.7) in the pressure interval, in which these phases were observed experimentally,
have also been fitted using the thonler BirchMurnaghan EOS. The EOS parameters
appeared to be as followgs = 261.0(8) &, Ko = 3.4(2) GPa, and K= 15.2(7). They agree

well with the EOS parameters obtained from the experimental data (Fig. 5.2).
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The dependence of the lattice parameters of pyrene polymorphs on pressure is shown in Fig.
5.4 (see Table 38 for numerical values). In each polymorph, all parameters gradually
decrease in response to pressurization. Phase transitions are manifested by abrupt changes
in particular parameters. Whereas #hgarameter always shortens (Fig. 5.4a), the value of

b (Fig. 5.4b) increases upon the transition from pyieoepyrenell and from pyrendl to

pyrenelV, but sharply decreases upon the transition from pyheére pyreneV. The value

of the ¢ parametdiFig. 5.4c) decreases upon the transition from pytegoepyrenell and
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from pyrenell to pyrenelV, but sharply increases (from 10.9 A to 16.1 A) upon the
transition from pyrendV to pyreneV. The variation in théb angle (Fig. 5.4d) shows a
decrease from 100.3°n pyrereto 96.5°%n pyrenell, further reducing to 95.0°n pyrene
IV, and then increasing to the value of 100.7°in pyrénesimilar to that in pyrené
Although the pressureolume points of pyrend| [6] (Fabbianj 2006)fit the pressure
volume curve of other polymorphs (Fig. 5.2), the unit cell parameftpsgenelll are quite

different from those of pyrerleand pyrendl.

To summarize, we could describe the/Foehaviour for all pyrene polymorphs by a
common continuous EOS, but in fact, the volume may change continuously with pressure,
while other structural parameters abruptly change manifesting solid state transitgsns (Fi
5.2 and 5.4).

5.3.3 Theoretical Cal cul ati ons

The relaxed structural parameters of pyreaeambient, pyrend at 1 GPa, pyrendl at 1

GPa, pyrendV at 3 GPa and pyren¢ at 9 GPa are provided in Table5.$13. The
calculated unit cell volumes are slightly smaller than the experimental ones, likely due to
the impact of temperature (0 K) on the results of calculations.

The enthalpy differenceg) for the four polymorphs (pyrerg pyrenelll, pyrenelV,

and pyreneV) relative to pyrend were calculated as a function of pressure up to 5 GPa at

0 K (TableS5.14, Fig. 5.5), as described in the Methods section. The calculations suggest
that up to 2.07 GPa pyreiikeis relatively more stable than pyrei and pyreneV. We
observed its formation at 0.7 and 1.4 GPa in our room temperature experiment that agrees
with the calculations. Above 2.07 GPa pyrahés predicted to be more stable than other
polymorphs except pyrenldl. This does not contradict to our observations, as we detected
pyreneV formation at 7.3 GPa at the pressure step from 4.3 GPa. It is known that formation
of metastable phases is very sensitive to many parameters like stressrgrie, which

cannot be fully controlled in a DAC experiment, as we have shown previously in our work

on high pressure phases of silica [1ByKovaet al, 2018)
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to all other polymorphs.

As seen in Fig. 5.5, above 0.03 GPa and up to 5 GPa, pNremapears to be the
thermodynamically stable phase if compared to all other polymorphs. In our room
temperature experiments, we did not observe pyhemniescribed in the study of Fabbiani

et al.(2006) [6], where it was synthesized through the recrystallisation from a 0.5 M solution
of pyrene in dichloromethane after several temperanrealing cycles (slow cooling and
heating between 303 K and 293 K) at 0.3 GPa. This work and our compaitagsalt
motivated us to conduct a higiessure highemperature experiment. This experiment was

designed as described below.

A sample of pyrené¢ was loaded into a DAC along with KCI as a pressure transmitting
medium (DAC #4). The whole DAC (first pressurized to 4 GPa) was heated for two hours
in an oven at 473 K. After heating pressure raised to 6.5 GPa and at this pressamgptbe

was investigated at the | D15B beamline at
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(Prescheet al, 2015)and Jana2006 program [18] € t Set dl, @KL.4)were used for the

data processing. The EOS of KCI was adopted from [D@&waeleet al, 2012) The
diffraction pattern of the sample featured-RRD reflections of two pyrene polymorphs
(pyrenelll and pyrene 1V) and continuous diffraction lines of the KCI pressure medium (Fig.
5.6). This observation suggests that pyrBhis likely a thermodynamicayl stable phase at
pressures above 0.3 GPa, whose synthesis requires heating to overcome the energy barrier.
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Upon compression at room temperature, the visual appearance of the pyrene crystals
changes: from colorless and transparent they become orange and eventually black (Fig. 5.7).

Calculations of the electronic density of states (eDOS) for pylrabé. bar and K and
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pyreneV at 50 GPa and 0 K (Fig. 5.8) have shown that the band gap decreases from 3.3 eV

to 0.9 eV. This explains the observed color change of the crystals.
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5.3.4 Geometrical analysis of the structur

In order to accurately calculate the distances between pyrene molecules in pairs
(sandwiches), pyrene molecules were approximated by mean molecular planes through
performing planar fitting for 16 carbon atoms of pyrene molecules in each polymorph (Fig.
5.9) using the NumPy and SciPy libraries in Python. Blue lines in Fig. 5.9 highlight the mean
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mol ecul ar pl anes; the intermolecular distal
determined using the same software, are designated. In Fig. 5.9 the structures ef, pyrene

I, IV are shown along the [4 0 1] direction (Fig. 5.9a, b, ¢), and thatreneV in the [5 0

2] direction (Fig. 5.9d). The selection of these two specific orientations enables the best view

of the topology of the molecular structures of the different polymorphs.

a) Pyrene-1I (ambient) b) Pyrene-II (0.7 GPa)

I

Cg—+9a

L CJJ//(

¢) Pyrene-1V (2.7 GPa) d) Pyrene-V (7.3 GPa)

Fi gbov¥i sualization of intermolecular distances

of pyrene ¢pa) yhrypr phos)l. | pyamnmeneg ¥) pgprenewed al ong
direction, -Varmsd VdwepyYyraeanengdghehoél|l ud O0i 2psdreecte
mol ecul ar pl anes determined on pashtiadms tdfe c:
i nterpl an@irs dtihset ainncteesr; p |-laViiaxdzdaing |-\ yo& &€ch eCp yant e mes

are blyaclbgearatowoms shown.

Intermolecular distances and interplanar angles in pyrene polymorphs from experiments in
the helium pressure medium are listed in Tatild % (for graphical representation of their
pressure dependences see Fig. 5.10). As seen, the phase transitions frothtpyrgreme

Il and then to pyren&V result in the formation of more compact structures (with similar
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sandwichherringbone molecular packing) due to a general shortening of intermolecular
distances and decrease of interplanar angles (from 83.6 to 75.4, and 66.7 degrees-in pyrene

[, pyrenell, and pyrendV, respectively) (Table S5.15, Fig. 5.10), as wsltlae to a mutual

shift of the molecules in sandwiches (Fig. 5.9). In pys®hsuch compaction eventually

leads to reduction of the symmetryRel, and the appearance of two crystallographically

distinct molecules forming pairs with different intermoliecwdistances (&< b, Figs. 5.9c,
5.10a). Such a fAtenst o/nad si nrtel e\gwhicduleti nr @ ya fe
pyrenel and pyrendl, features crystallographically equivalent molecules. The latter,
however, do not form pairs anymore, but shift with respeetaich other and tightly align
alongthecdi recti on (Fig. 5.1e) wupon a drastic de
5.9d, 5.10b) that leads to the collapse of the sandwich structure. The symmetry of pyrene

V, compared to thabf pyrenelV, increases toP2i/c. Interestingly, although twisted

molecules in organic solids at ambient conditions are known (see for example, McKinnon

et al. (2004) [20]), to the best of our knowledge, the phenomenon of the increase of the

curvature upon gradual compression is reported here for the first time.
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Due to all molecules in pyrené being curved, there are two types of contacts between the
molecules: each molecule has in its proximity both a convex and a concave neighbor at the
distances of gdand @, respectively, so that & db. Such a geometrical arrangement results

in a sharp raising of theparameter (from 10.9 Aiin pyrefi¥ to 16.0 Ain pyreneV) (Table

S5.8, Fig. 5.4c) and a decrease of thparameter (from 10.1 A to 6.5 A) (Fig. 5.4b),
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accompanied by a considerable expansion o tiregle to 100.5 degrees (Table S5.8, Figs.
5.4d, 5.9d) of the unit cell of pyrené

To visualize changes in the curvature of the pyrene molecules under increasing pressure, we
performed curved surface fitting using the NumPy and SciPy libraries in Python. We set the
normal vector to the mean molecular plane described above. The heityle ofirved
molecular surface, represented by the projection of each point on the normal axis, directly

reflects the degree of curvature and the shape of the surface.

Pyrene-1 & I1 C) Pyrene-IV sandwich 1 Pyrene-IV sandwich 2 d) Pyrene-V

Ambient 2.7 GPa 2.7 GPa 7.3 GPa
.
0.7 GPa 4.3 GPa 4.3 GPa 35.5 GPa =

0.20 >

£ 2 2 X

Figbiéeé Curved surface plots for pyrene mol ecul
pressungsiPyateneembi ent -pFreasube7 -IBWagpty c.noyGRa ea |
GPa wianhdwich 1 ad)d p¥mamd ¢ h3 2and 35.5 GPa. The
visualize the distribution of surface height v
height at any given point on the surfacet and tI

di fferences spans from 0 j to 0.5 j, with a cc
yell ow (the color scale is given to the right o
and NumPy | imraCi&tsoimsn @riyeé hiwml ack spots.

The obtained curved surface plots (Fig. 5.11) visualize the distribution of surface height
variations, represented as the difference between the height at any given point on the surface
and the 0 A (minimum) height of the surface. The range of heighteiifées spans from 0

Ato 0.5 A, with a corresponding color gradient ranging from purple to yellow. Fig. 5.12a
shows the pressure dependence of the maximal surface height difference for all studied

polymorphs.
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As seen in Fig. 5.11a, b, molecules of pyrémad pyrendl are flat. The molecules of
pyrenelV aredifferent and form two kinds of sandwiches (Fig. 5.11c): sandwich 1 consists
of almost flat molecules, whereas sandwich 2 consists of concave molecules. Their curvature
is well seen in the [0 13 8] projection (Fig. 5.12b). Py¥€remntains only curved metules,

whose curvature increases with pressure and is well seen in the [31 10 1] projection (Fig.
5.12c). The two concave molecules which formed sandwiches in piecen still be

recognized in pyren¥, but they have a much larger offset with respeaach other.

5.3.5 Exploring intermolecular interaction

pl ot s

For visualizing and exploring intermolecular interactions in molecular crystals one uses
Hirshfeld surfaces and fingerprint plots. This tool is described in detail in a comprehensive
review by McKinnonet al. (2004) [20]. The molecular Hirshfeld surface envelops the
molecule and defines the volume of space where the promolecule electron density exceeds
that from all neighboring molecules [21,23ackmaret al, 1997;Spackmar& Jayatilaka

2009) The Hirshfeld surface itself is defined by the moleculethagroximity of its nearest

neighbors, and hence encodes information about intermolecular interactions.
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The fingerprint plot represents in a 2D format two different but useful distance measures,
the distances from the internal or external atainsr(de) to the Hirshfeld surface. Thus, the
fingerprint plots are highly sensitive to the immediate environment of the molecule [22]
(Spackman& Jayatilaka 2009) They are unique for a given molecule in a particular

polymorphic form.

We used the CrystalExplorer program [28péckman 2021) to construct Hirshfeld
surfaces, mapped with shape index, curvednessgde(ior details of various functions of
distance and curvature mapped on Hirshfeld surfaces see Spackman and Jayatilaka (2009)
[22]), as well as fingerprint plots for all pyrene polymorphs studied here. They are presented
in Figs. 5.1315. The fingerprint @ts highlighting particular intermolecular contacts and
interactions for crystallographically distinct molecules of allypwrphs are shown in
Supplementary Figs. 5.1, 5.2. These two figures are described in detail in Supplementary
Note 1.

Fig. 5.13a shows the crysfaacking diagram for molecules in pyreheln pyrenel,
considering its sandwich herringbone structure, one side of each molecule in a pair is
domi nated by ° LLL ~ stacking inteintheti ons
pair), whereas the other (front) side is dominated W ICLL L ° c ont ai@hea. The
HH contacts of about 2 A are very short [20] (McKinnonet al, 2004). The Hirshfeld

surfaces of the molecule in pyreheas viewed from the front side (pgr row) and back

side (bottom row), are shown in Fig. 5.13b. The alternating red and blue triangles in the back
view of the Hirshfeld surface mapped with s
that are characteristic of graphlike layered paking [20] (McKinnonet al, 2004). The

two molecules in the pair pack in offset. The blue color indicates convex curvatures. The
large, redcolored regions of conclave curvature on the other side (front view) reflect the

COHLLL ™ interact madecwes.bet ween pyrene
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The 7 LLL °~ stacki ng -dmensiorfal fingsrprimbplot asfagreen e d
triangular shaped region with the minintkla di at ~ 1.75 A (Fig.5.13b, left), which is
consistent with the previously mentioned interplanar distance of ~3.5 A between the two
molecules in a pair (Table535). In pyrendl at 0.7 GPa (Fig. 5.13c, left), due to
compression, the correspondithgi d; point in the fingerprint plot is at ~ 1.65 A that implies

the decrease of the intermolecular distance in pyliedewn to ~3.4 A. The two pairs of

I

wings represent two distinct mainkC L L L (donor and acceptor

feature in the loweleft corner of the fingerprint plot is a manifestation of a short Head

head HH contact. With the pressure increase (Fig. 5.13c), the two pairs of wings in the

fingerprint plot of pyrendl representingthemain-8 L LL °~ i nter admi ons

them to become less distinct with pressure.

Hirshfeld surfaces and fingerprint plots of pyrdnat ambient conditions have been
previously discussed by McKinnat al. (2004) [20], and those of pyreméwith reference

to the ambienpressure structure at 113 K) and pyréin@vith reference to the ambient
pressure structure at 93 K) by Fabbiainal. (2006) [6]. Our observations are in accordance

with the literature data.

Triclinic pyrenelV possesses two crystallographically distinct molecules. Those in
sandwichl (Fig. 5.14a), still almost flat, feature some asymmetry in the fingerprint plot

clearly seen in its fAwi nip-bead H-# cogtac tsSIh. 2 ) ,

sandwich2 (Fig. 5.14b), the alternating red and blue triangles in the Hirshfeld surface
mapped with shape index indicate grapltike stacking, whereas that mapped with
curvedness shows the decrease of the flat contact area on the back sidegredlec

substantial curvature of the molecules. Thetwomakh CL L L~ i nteractions

show their pronounced difference both in the back and front sides if compared with
sandwichl. In addition, the tip in the lower left corner of the fingerprint plot disappears in
sandwich2, indicating that there is no longer a short hizadead HH  contact between

the molecules.
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external tdg tibBemappeaceyver the range 0.9 (red) t

In pyreneV, the molecules are stacked in a simple herringbone motif that immediately

reflects in the fingerprint plot and the Hirshfeld surfaces (Figs. 5.15, S35Pe, The =~ L LL
stacking interactions, manifesting as the alternating red and blue triangles in the Hirshfeld
surface mapped with shape index [20] (McKinredral, 2004), appear now on both back

and front sides. Although crystallographically equivalent molecules in peme related

by an inversion centre, they do not form sandwiches. A& G®a, the size of the area of the

fingerprint plot reduces considerably and the wings on both sides almost disappeared,
suggesting a high density of molecular stacking (Fig. 5.15b). The regularity in the
distribution of blue and red triangles in bothrft@nd back sides of the Hirschfeld surface
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(shape index) is lost, indicating a considerable departure from grdighistacking due to

a large curvature of molecules.
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For comparison with other polymorphs, we built fingerprint plots of pytdred 0.3 GPa

using the structure data from Fabbianal. (2006) [6] (Fig. S5.29), as we did not have our

own structural data for pyrer# of sufficient quality. Interestingly, the fingerprint plot of

pyrenelll (Fig. S5.2g) appeared to be substantially different from those of other polymorphs.
However, the akence of heatb-head H LLL H contacts and | a
interactions in the molecular bonding may berted as similarities of pyredd and

pyreneV, sharing a common herringbone structural motif. A general glance at the evolution
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of Hirshfeld surfaces and fingerprint plots of metastable pyrene polymaltptagto deduce
that the change in molecular interactions under pressure is continuous and the dominating

interactions are common for polymorphs with similar stacking motifs.

To summarize, our study represents a significant progress inphegbure structural
investigations of polycyclic aromatic hydrocarbons (PAHS) using sicigigtal Xray
diffraction, which were previously limited to very low pressures of around 2 GPa
(naphthalene was studied up to 2.1 GPa by Fablatal. (2006) [6]. Here, the behavior of
pyrene was studied under compression up to 35.5 GPa using synchrotrotisisiglex

ray diffraction in a diamond anvil cell with helium as a soft qumgsirostatic pessure
transmitting medium. Previous structural investigations of pyrene were conducted on single
crystals recrystallized from solution in dichloromethane under pressure, which are limited
by the freezing pressure of dichloromethane of 1.33 GPa, leaxdihg teterioration of the
single crystal [6] (Fabbiaret al, 2006). Higher pressures in structural investigations of
PAHSs have never been explored before, because it was anticipated that large molecules have
low conformational flexibility under pressuaad the experience with direct compression of
organic compounds with larger molecules showed this method to be ineffective [6] (Fabbiani
et al, 2006).

In our study it was found that at 0.7 GPa, pyretransforms to metastable pyrehewhose
structure under high pressure at room temperature is reported here for the first time. It is in
good agreement with previous low temperatumebient pressure ta[8-10] (Jone<et al,
1978;Knight et al,1996;Framptonet al, 2000) Two other transformations to previously
unknown metastable polymorphs, pyrene IV and pyrene V, were observed at 2.7 and 7.3
GPa, respectively. Pyrenéwas preserved in He pressure medium up to ~35 GPa due to
fully unexpected structure compaction accomed by considerable deformation of
molecules and their alignment along the crystallographixis, enabling avoiding direct-H

H contacts. Our experiments reveal that gradual compression results in continuous
compaction of moleculgsacking, eventually leading to curvature of molecules, which has
never been observed before under pressure, although twisted organic molecules are known,
for example, in diperinaphthyleneanthracene (NAPANTO1), whose Hirshfeld surface
reflects the significat twist in the molecular structure caused by repulsion between H atoms
[20] (McKinnonet al, 2004).

Upon compression, the molecules packing motif changed from santetchgbone,

distinctive for pyrend, pyrenell, and pyrendV, to simple herringbone in pyrené
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Interestingly, the herringbone motif is characteristic for the structure of botpriesgure
pyrenelll and high-pressure pyren¥, whose molecules are drastically different in shiape

they are flat in the former and substantially curved in the lattéening the pressure range

of structural studies of an organic material to over 35 GPa enabled to demonstrate that
compression of crystals of organic materials in a ghgdrostatic medium can lead to the
formation of numerous unexpected metastable potgh®

To conclude, our experimental study contributes to the fundamental understanding of the
polymorphism of polycyclic aromatic hydrocarbons, their behavior under-aimhéent
conditions, and the evolution of chemical bonding affecting the struptopeerty
relationships of compounds of the important class of organic materials.

Our results highlight the need for a deeper understanding of the observed phases and
phenomena using theoretical methods. This is particularly important given the proven
potential of highpressure techniques to alter material properties, as has beersgulyces
demonstrated and exploited in the synthesis of inorganic materials like superhard diamond
and cubic boron nitride. Our study indicates that similar potential exists for organic materials.
Therefore, further research, including computational stuchésed at exploring the
capabilities of high pressure for synthesizing organic materials with unique properties, is
highly warranted and timely.

5. 4 Met hods

5.4.1 Sampl e preparation

A crystalline powder of pyrene {gH10) of 99.9 % purity was purchased from Merck. Single

crystals were selected under an optical microscope and preselected fprdsghre XRD

studies in DAC #1 at ambient presswed Tabl&5.1 for the summary of all experiments).

The preselected crystals, averaging about 10 pm in size, and pieces of ruby, approximately

15 Om in size, were |l oaded in DACs equipped
and a rhenium gasket withathick ss of 40 em and a hole of -~
experiments, a gold micrograin was placed inside the center of pressure chamber along with

the sample to facilitate locating the center of rotation. As a pressure transmitting medium,
neon (Ne) or haim (He) were used. The DACs, BX%)pe [24] Kantor, et al, 2012)

(DAC #2) or membrangype (DAC #3), were gradually pressurized to 17 GPa and to 35

GPa, respectively.
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5.4.2 cr ysstngll eXRD

The SCXRD studies at room temperature were carried out in DAC #1, DAC #2 at the ID15B
beamline (&= 0.4100 |, ESRF) and DAC #3 at
The pressure was determined by the ruby luminescence methotVgbg( al, 1986) At

each pressure step, the data were collected irssteps of 0.5°upon rotating the DAC from
-34A to +34A ab o wstan)tFbreingierystat data anhlysis (peaksseafcl,
unit cell finding, and data integration), the CrysAlisPro Sofena6] (Rigaku& CrysAlis,
2015)was employed, whereas the crystal structures were determined using SHELX [27]
(Sheldrick 2008)and refined utilizing the OLEX2 software [2&)¢lomanovet al, 2009)

The highpressure XRD data did not allow anisotropic refinement. All refinements were
made in isotropic approximation. No twinning was observed. Hydrogen atoms were added
using the riding constraint (HFIX instructions) to automatically constrain thsitiquas in
OLEX2.

5.4. 3 Theoretical cal cul ati ons

Structural relaxation, static enthalpy and electronic density of states were determined
through first principles calculations employing the KeBimam Density Functional Theory
(DFT) framework with the generalized gradient approximation as proposed bywPerde
Burke-Ernzerhof [29] Perdewet al, 1996) This approximation was integrated within the
projector augmentediave method [30] Bl@hl, 1994) to describe the exchange and
correlation within the Vienna Ab initio Simulation Package (VASP) [Hiefse &
Futhmdler, 1996) Additionally, we employ the DFD3 method for dispersion correction

[32] (Grimmeet al, 2011) For Brillouin zone sampling, we employed the Monkh&atk
scheme [33] Monkhorst& Pack,1976) with a kpoint grid of 2x3*4 for pyrenel and
pyrenell, 2x8*4 for pyrene-lll, 4X3X3 for pyrene-1V and 4XxX for pyreneV. Furthermore,

an energy cutoff of 520 eV was applied to the plaage expansion. All structures were
relaxed until the energy diffence for the electronic setbnsistent calcuteon was smaller

than 10°e V/ cel | and the Hell mani FeynimavfA. forces
Structural optimisations for all considered phases were performed with PBE. In order to
accurately describe eDOSs of pyrene polymorphs, we used PBERAB#Nh0& Barone

1999)
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5.5 Data Availability

CCDC number refers the supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/structures
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5. 7Sppl ement ary

Tabl eSEBdmdr y

mat er i

a l

S

ofpr e heuhé goaxperi ments

conducted

. Starting material .
DAC DAC type An_wls type/ culet pressure transmittin Beamline/XRD Result Pressure,
number si ze, em ; Wavelength,A GPa
medium
BoehlerAlmax Pyrenel/ ID27 ESRF, .
1 BX90 500 No medium 0.3738 Pyrenel ambient
25
BoehlerAlmax Pyrenel/ ID15B ESREF,
2 BX90 250 Neon 0.4100 PyreneV | 13.5
17.0
0.7
Pyrenell 14
2.7
PyrenelV 43
3 Membrane| BoehlerAlmax Pyrenel/ ID27 ESRF, 7.3
-type 250 Helium 0.3738 9.5
PyreneV 154
y 20.2
29.8
35.5
BoehlerAlmax Pyrenel/ ID15B ESRF,| Pyrenelll
4 BX90 250 KCI 0.4100 PyrenelV 6.5
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Tabl eEXShber2i ment al
crystay &iffraction in

t his

cryst all laotg raanpbh iecn td actean dfigotirie opnysr
wo rlbka a,e tl |, @yl On7eu)t r or

Pyrenel, this work

Pyrenel, ref. [14]

CCDC deposition number*
Crystal data

Chemical formula

M

Crystal system, space group

a, b, c(A)

o, ®, o
V (A3

z

Density Mg/ms)

Wavelength (A)

€ (mn1?)

Data collection
Absorption correction

Tmin, Tmax

No. of measured, independent a
observedeflections

Rint
dmax (J

Refinement

Refinement on

R[F> 2 (7, ®R(F), S

Data / restraints / parameters

H-atomtreatment

Weighting scheme

2360694

CieH10
202.24

Monoclinic, P21/c

8.478(8), 9.2562(12),
13.655(7)

90, 100.31(8), 90
1055.3(11)

4

1.273

0.3738

0.031

Multi-scan
0.036, 1.00
2963, 1269, 456
0.023

18.32

|:2
0.049, 0.16, 0.92
1269/ 0/ 145

Refined by ride model

w = 1/ [ (F?) + (0.053%)7,
whereP= (Fo?+2F?)/3

1240736

CieH10
202.24

Monoclinic, P21/c

8.470(4), 9.253(5),
13.649(7)

90, 100.28(3), 90
1052.5(4)

4

1.27

1.025 (neutron radiation)

0.155

Linear absorption coefficient

3500, 1492, 1008

34.67

|:2
0.034, 0.032, 0.89
1008/ 0/ 236

No restraints
w = 1/02, whered 1K3(F?) +
(1+0.02)F2- F]

Q0 max 63 min (€ A°3) 0.08,-0.08

*CCDC number refers to the suppl emen cryst.
obtained free of charge from The Cambr i dge
www. ccdc. cam. ac. uk/ structures
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Tabl e ESpeBi ment al

di ffracti on

at room

pressufd@Emamet omPR0O0O0

and

t wo

Pyrenell at 0.7 GPa

Pyrenell at 1.4 GPa

Pyrenell at 93 K, ref. [10]

CCDC deposition number 2360720 2360721 118728
Crystal data

Chemical formula CieH10 CieH10 CieH10

M, 202.24 202.24 202.24

Crystal system, spacgoup

Monoclinic, P2i/c

8.1431(12), 9.8639(7)

Monoclinic, P2i/c

8.0322(9), 9.7422(6),

Monoclinic, P2i/c
8.260(4), 10.020(4),

a, b, c(A) 12.1136(4) 11.8112(4) 12.358(6)

o, ®, o 90, 96.484(7), 90 90, 96.074(7), 90 90, 96.48(4), 90
V (A3 966.77(16) 919.05(12) 1016.3(8)

4 4 4 4

Density Mg/m®) 1.389 1.462 1.322
Wavelength (A) 0.3738 0.3738 0.71069

e (mnT?) 0.035 0.035 0.075

Data collection

Absorption correction Multi-scan Multi-scan Multi-scan

Tmin, Tmax 0.20, 1.00 0.24,1.00

No. of measured, independe

and observed reflections

1864, 1390, 830

2380, 1414, 832

10829, 2582, 1519

Rint 0.018 0.031 0.051
Omax () 20.05 18.13 29.5
Refinement

Refinement on F2 F2 F2

R[F% 2 (2, ®R(F), S

0.068, 0.208, 1.04

0.061, 0.182, 1.01

0.052, 0.091, 1.01

di

crystalklllogo atpaii rce ddyadi e Iy ioxX g | pey
temperature

ffere

Data / restraints / parameters 1390/ 0/ 172 1414/ 0/ 175 1390/ 0/ 172

H-atom treatment Refined by ride model Refined by ride model Refined by ride model

W= [ FD+ w = 1UAFAD + w=1U[EYFA) + (0.04P)2+
(0.1448%)7, where P (0.102%)7, where P 0.15P], where P = (Fo? +
= (F02+ 2F02)/3 = (F02+ ZFCZ)/\?) 2F02)/3

0.17,-0.17 0.19,-0.17 0.34,-0.26

Weighting scheme

o max, 03 min (€ A_3)
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Tabl e E$Spedi ment al

S

di ffraction at room temperature in thi

PyrenelV at 2.7 GPa PyrenelV at 4.3 GPa

CCDC deposition number 2360722 2360723

Crystal data

Chemical formula CieH10 CieH10

Mr 202.24 202.24

Crystal system, space group Triclinic, P-1 Triclinic, P-1

a b, c(A) 7.593(3), 10.223(3), 7.477(2), 10.070(2),
11.192(2) 10.879(3)

g, ®, o 92.536(19), 95.04(2), 91.21(3) 92.434(19), 94.73(2), 90.86(2)

V (A3) 864.2(5) 815.5(4)

z 4 4

Density (\/Ig/ms) 1.554 1.647

Wavelength (A) 0.3738 0.3738

€ (mn1?) 0.038 0.040

Data collection

Absorption correction Multi-scan Multi-scan

Trmin, Trmax 0.34, 1.00 0.18, 1.00

'S'gs'ec’r‘;;“cf?jf‘g‘zgé):%depe”dem 4 657, 604, 415 1378, 1036, 558

Rint 0.015 0.034

e (J 14.43 14.83

Refinement

Refinement on F? F?

R[F2> 2 2, ®R(F?), S
Data / restraints / parameters

H-atom treatment

Weighting scheme

03 max, 0 min (€ A_S)

0.098, 0.305, 1.07
604/ 11/ 129

Refined by ride model

w = U[%F? + (0.183F) +
1.710P], whereP = (F+ 2F&)/3

0.18,-0.17

0.134, 0.393, 1.40
1036/ 0/ 129

Refined by ride model

w=1/ [0 (Fe?) + (0.2P)7], whereP=
(F+2FA)/3

0.51,-0.38
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TabbB.EXxXperi ment al

di ffractdi

on

at room

t hi

PyreneV at 7.3 GPa

PyreneV at 9.5 GPa

PyreneV at 15.4 GPa

CCDC deposition number

Crystal data
Chemical formula

M

Crystal system, space grou

a, b, c(A)
®, »o

u,

V (A3
4
Density Q\/Ig/m3)
Wavelength (A)

e (mnt?)

Data collection
Absorption correction

Tmin, Tmax
No. of

measured

independent and observe

reflections
Rnt

Omax (§

Refinement
Refinement on

R[F?> 2 &), ®R(F), S

Data / restraints / paramete

H-atom treatment

Weighting scheme

3 max, 03 min (€ A_S)

2360724

Ci6H10
202.24

Monoclinic, P21/c

7.450(5), 6.4503(12),
16.096(2)

90, 100.65(3), 90
760.1(5)

4

1.767

0.3738

0.043

Multi-scan

0.21, 1.00
592, 488, 274

0.063
13.50

F2
0.087, 0.222, 0.99
488/ 0/ 66

Refined by ride model

w = U [0 (F?) +
(0.72%)3, where P =
(F?+ 2FA)/I3

0.20,-0.20

2360725

CieH10
202.24

Monoclinic, P21/c

7.345(4), 6.2802(8),
15.9325(19)

90, 100.57(3), 90
722.5(4)

4

1.859

0.3738

0.045

Multi-scan

0.15, 1.00
738, 595, 295

0.075
14.06

F2
0.12,0.31, 1.16
595/ 0/ 66

Refined by ride model

w = U[AFH +
(0.20(P)%], whereP =
(F2+ 2FA)/3

0.19,-0.17

2360726

CieH10
202.24

Monoclinic, P21/c

7.2292(3), 6.0333(14),
15.7590(6)

90, 100.516(5), 90
675.80(16)

4

1.988

0.3738

0.048

Multi-scan

0.23,1.00
1021, 776, 632

0.051
295

F2
0.078, 0.023, 1.12
776/ 0/ 145

Refined by ride model

woo=  U[FH +
(0.198)3, whereP = (Fo?
+ 2FA)/3

0.53,-0.33

122

S

crystalM oglbtagpihn ed rdyastiaaslyf oy | ep y r
temperature in

wor k.



TabS$Se(chontinuati on)

PyreneV at 20.2 GPa

PyreneV at 25.2 GPa

PyreneV at 29.8 GPa

PyreneV at 35.5 GPa

2360727

Ci6H10
202.24

Monoclinic, P2/c

7.1550(3), 5.8939(13),
15.6277(6)

90, 100.467(5), 90
648.07(15)

4

2.073

0.3738

0.050

Multi-scan

0.15, 1.00
1004, 835, 654

0.016
19.95

|:2
0.076, 0.231, 1.08
835/ 0/ 145

Refined by ride model

W= 1[AFH +

(0.181P§ + 0.285P],

where P = (P + 2R?)/3
0.46,-0.28

2360728

CieH10
202.24

Monoclinic, P2i/c

7.0634(3), 5.7352(14)
15.4503(6)

90, 100.395(5), 90
615.62(15)

4

2.182

0.3738

0.053

Multi-scan

0.01, 1.00
990, 808, 630

0.018
20.25

[:2
0.136, 0.338, 1.60
808/ 96/ 145

Refined by ride model
w =1 [0 (F?) +
(0.2P)3, where P =
(F2+ 2F )3

0.54,-0.59

2360729

CieH10
202.24

Monoclinic, P2i/c

7.0174(5), 5.645(3),
15.3477(13)

90, 100.363(8), 90
598.0(3)

4

2.246

0.3738

0.054

Multi-scan

0.04, 1.00
760, 684, 521

0.017
20.41

F2

0.136, 0.345, 1.61
684/ 96/ 145

Refined by ride model

w = 1/[04F?d + (0.2P)3,

whereP = (Fo? + 2F?)/3

0.41,-0.42

2360730

CieH10
202.24

Monoclinic, P2i/c

6.9711(7), 5.541(4),
15.2471(16)

90,100.349(10), 90
579.4(4)

4

2.318

0.3738

0.056

Multi-scan

0.34, 1.00
560, 531, 403

0.060
19.84

F2

0.166, 0.392, 1.80
531/96/ 145

Refined by ride model

w =
whereP = (Fo? + 2F?)/3

0.51,-0.54
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Tabl eUBi5t 6cel | vol ume per formula unit for pyrer
and i[r]FabktanR006)
Ea%;mﬁtir:gon:egiu?n/pressurePressur(VoIume per formula unift
Pyr4€heNo medi 4o 263.83(3)

Pyr4emeé He 0.7 241.69(4)

Pyr4hé He 1.4 229.76(3)

Pyr4mé/ dichPflgo. 3 249( 3)

Pyr4heé/ dichFfldqo. 5 238.91(9)

Pyr4weé He 2.7 216.05(16)

Pyr4NVeé He 4.3 203.88(10)

Pyr#&heHe 7.3 190.02(16)

Pyr#&nheHe 9.5 180.63(10)

Pyr&heHe 15. 4 169.20(4)

Pyr&heHe 20. 2 162.02(4)

Pyr#&nheHe 25. 2 153.90¢(4)

Pyr#&heHe 29. 8 149.50¢(9)

Pyr&heHe 35.5 144.85(10)

Pyr#&nheNe 2.5 213.92(4)

Pyr&heNe 13.5 174.45(15)

Pyr#&nheNe 17 167.08(8)
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Tabl eDS®alfcul ated wunit cell volume per
Pol ymor ph Pressure (GHAVolume per ff)ormul a unit
Pyr4ne 0 247. 71
Pyr4nhe 1 229. 64
Pyr4nhe 2 219.12
Pyr4 Ve 3 209. 86
Pyr4wve 4 203. 54
Pyr#&ne 6 191. 04
Pyr#&ne 9 180.58
Pyr#&ne 13 170. 96
Pyr#&ne 17 163. 82
Pyr#&ne 21 158. 07
Pyr#&ne 24 154. 41
Pyr#&ne 27 151. 19
Pyr#&ne 30 148. 28
Pyr#&ne 33 145. 80
Pyr#&ne 36 143. 37
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Tabl eL &t5t.i8ce parameters of pyrene polymorphs
relffe(]Fabketaal006)

tF:a?ls!mﬁti:qgorggai;lﬂE F’r ?;SP a, i b, i G i U A b, A 3 A
Pyr€heno no 8.478(/9.2652/13.655/90 100.31/90
Pyr¢hé He |[0.7 |8.14319.8639/12.113/90 96.484/90
Pyr¢hé He [1.4 |8.0322/9.7422/11.811[90 96.07490
g?’;ﬁ:"ﬁ{b%eo.s 8.65(73.852(/15.35(|90 103.3(/90
Ziy::ﬁ:“ﬁr/bﬁrheo.s 8.3341/3.8375/15.309/90 102.60/90
Pyr¢wveé He [2.7 |7.593(/10.223/11.192{92.536/95.04([/91.2
Pyr¢weé He [4.3 |7.477(/10.07010.879/92.43494.73(/90.38
Pyr&neHe 7.3 |7.450(|/6.4503/16.096/90 100.65/90
Pyr&nheHe 9.5 |7.345(/6.2802/15.932/90 100.57/90
Pyr&neHe 15.4|7.2292/6.0333/15.759/90 100.51/90
Pyr&neHe 20.2|7.1550[/5.8939/15.627/90 100.46/90
Pyr&neHe 25.2|7.0634/5.7352/15.450[90 100.39/90
Pyr&neHe 29.8|7.0174/5.645(/15.347/90 100.36/90
Pyr&neHe 35.5[6.9711/5.541(|15.247/90 100.34/90
Pyr&neNe 2.5 |7.67336.9186/16.407/90 100.77/90
Pyr&neNe 13.5|7.2481/6.184(/|15.823/90 100.33/90
Pyr&neNe 17 7.18396.034([15.671/90 100.29/90
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Tabl e DFE.a9a ul ated crystall agr apnbii e nd a tpa efsacsru r pry.

Pyrenel

Chemical formula CieH1o

Mr 202.24

Crystal system, space group Monoclinic, P2y/c
a, b, c(A) 8.309, 9.087, 13358
o, ®, o 90, 100.739, 90

V (A3) 990.849

z 4

Tabl e Th®.o09ktical atomit ebtomdbnhnenéspfesspyeene

Label X y z Occupancy
C1 0.07549 0.53393 0.21596 1
c2 0.48589 0.24487 0.00152 1
C3 0.36086 0.69108 0.00972 1
C4 0.78127 0.27446 0.05543 1
C5 0.21669 0.67255 0.36234 1
C6 0.07256 0.63621 0.29349 1
c7 0.63265 0.10517 0.14981 1
C8 0.4844 0.14166 0.08224 1
C9 0.2219 0.46774 0.20344 1
C10 0.63026 0.00299 0.23086 1
Cl1 0.52322 0.4403 0.25721 1
C12 0.66558 0.47554 0.32174 1
C13 0.33318 0.07738 0.0962 1
C14 0.18851 0.11693 0.02935 1
C15 0.19092 0.2836 0.45023 1
C16 0.3378 0.22 0.43605 1
H1 0.03831 0.00568 0.33541 1
H2 0.35957 0.61433 0.07224 1
H3 0.10308 0.82326 0.45523 1
H4 0.04235 0.18885 0.19866 1
H5 0.22367 0.38849 0.14215 1
H6 0.52383 0.3627 0.19519 1
H7 0.21897 0.57444 0.68816 1
H8 0.07324 0.06924 0.04095 1
H9 0.07701 0.25632 0.39874 1
H10 0.33987 0.1425 0.37386 1
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Tabl e TSihedrOat i c al crystall ogrraphGRadata for pyre

Pyrenell

Chemical formula CieH10

M 202.24
Crystalsystem, space group Monoclinic, P2i/c
a,b,c(A) e
o, ®, o 90, 96.346, 90
V (A3) 910.681

z 4

Tabl e BhedOdti cal atomitlcaordi G®Bes for pyrene

Label X y z Occupancy
C1 0.30962 0.59097 0.07593 1
Cc2 0.38635 0.10838 0.36213 1
C3 0.1681 0.6432 0.00903 1
C4 0.22822 0.1766 0.36633 1
C5 0.53193 0.15805 0.42938 1
C6 0.21938 0.29121 0.4424 1
c7 0.30137 0.47303 0.14866 1
C8 0.74722 0.44303 0.27549 1
C9 0.60175 0.4906 0.20978 1
C10 0.35884 0.1618 0.00748 1
Cl1 0.44172 0.42468 0.21219 1
C12 0.08766 0.1279 0.2966 1
C13 0.51978 0.22522 0.00254 1
C14 0.66496 0.17731 0.06809 1
C15 0.10008 0.01203 0.22748 1
C16 0.81919 0.24246 0.06119 1
H1 0.04661 0.59363 0.01295 1
H2 0.09745 0.33949 0.44895 1
H3 0.18078 0.4208 0.15157 1
H4 0.73863 0.35194 0.32924 1
H5 0.34932 0.07539 0.06555 1
H6 0.4343 0.3334 0.26549 1
H7 0.03259 0.68077 0.20165 1
H8 0.65515 0.08935 0.12482 1
H9 0.01184 0.47484 0.32405 1
H10 0.06838 0.70508 0.38821 1
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Tabl e TShbedrlat i cal crystalllogataphi GPaata for pyr

Pyrenelll

Chemical formula CieH10

Mr 202.24

Crystal system, space group Monoclinic, P2./c
ot 3T
g, ®, o 90, 102.437, 90
V (A3) 441.97

z 2

Tabl e Bhhedrdti cal atomitl toatdiln&Pas for pyrene

Label X y z Occupancy
C1 0.11509 0.55284 0.34116 1
c2 0.74033 0.18353 0.18261 1
C3 0.58503 0.16221 0.12051 1
Cc4 0.43347 0.29113 0.14258 1
C5 0.2842 0.27386 0.08086 1
C6 0.27334 0.37498 0.49144 1
c7 0.12168 0.39636 0.42645 1
C8 0.57773 0.00909 0.03217 1
H1 0.00465 0.07632 0.20723 1
H2 0.74604 0.30879 0.24926 1
H3 0.43973 0.40568 0.2102 1
H4 0.17013 0.37376 0.09898 1
H5 0.00814 0.29145 0.44391 1
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Tabl e Bhhedrzat i cal crystalVogr aphGRadata for pyre

PyrenelV

Chemical formula CieH10

M 202.24

Crystal system, space group Triclinic, P-1

a, b, c(A) 1.15.13;310.088,

u, ®, 2 92.825, 94.685, 90.639
V (A3) 839.45

z 4

Tabl e Bhedrédti cal atomitVcaor8i e®aes for pyrene

Label X y z Occupancy
C1 0.19644 0.04043 0.8431 1
C2 0.9842 0.1761 0.06727 1
C3 0.35799 0.02253 0.25269 1
C4 0.07558 0.2823 0.01779 1
C5 0.26603 0.11258 0.17824 1
C6 0.75675 0.44389 0.22391 1
c7 0.07993 0.09029 0.1456 1
C8 0.71091 0.04542 0.0858 1
C9 0.26162 0.30325 0.05197 1
C10 0.79736 0.15496 0.0366 1
Cl1 0.09219 0.51309 0.70171 1
C12 0.00927 0.02103 0.81143 1
C13 0.22027 0.58724 0.43434 1
C14 0.22335 0.46698 0.36084 1
C15 0.08855 0.89151 0.26036 1
C16 0.25498 0.31264 0.64076 1
C17 0.11391 0.15262 0.49011 1
c18 0.07132 0.41608 0.30006 1
C19 0.049 0.77516 0.51422 1
C20 0.02066 0.63634 0.06175 1
C21 0.05613 0.65572 0.4406 1
C22 0.79602 0.17843 0.4166 1
C23 0.09776 0.39082 0.63251 1
C24 0.39873 0.35568 0.7226 1
C25 0.62724 0.35889 0.49937 1
C26 0.29405 0.75925 0.04173 1
c27 0.35217 0.2237 0.13103 1
C28 0.26949 0.91387 0.29319 1
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c29
C30
c31
C32
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19
H20

0.25812
0.2026

0.60734
0.63593
0.26277
0.50079
0.76116
0.56812
0.32873
0.34862
0.02142
0.1188

0.07291
0.04925
0.80236
0.48296
0.49983
0.43643
0.49305
0.65948
0.37863
0.27073
0.49377
0.51404

0.19292
0.6565

0.52368
0.24513
0.12582
0.03632
0.34998
0.03137
0.38522
0.41518
0.80408
0.06164
0.32185
0.44337
0.08824
0.70531
0.40567
0.77561
0.24243
0.15496
0.13356
0.59214
0.49074
0.20757

0.56625
0.09044
0.21164
0.42462
0.8091

0.27554
0.17206
0.06485
0.01298
0.35465
0.28795
0.43389
0.24888
0.89927
0.35931
0.26773
0.50877
0.06551
0.15823
0.64856
0.57089
0.1542

0.15016
0.37446

I e = = = T = T S e e e e N e e N N T
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Tabl e Tihedr3at i c al crystaVlagrapBbPae. data for pyre

PyreneV

Chemical formula CieH10

M 202.24

Crystal system, space group Monoclinic, P2i/c
ot SaAke
o, ®, o 90, 100.28, 90
V (A3) 722.3

z 4

Tabl e BhedBddti cal atomi& adbo®dGRates for pyrene

Label X y z Occupancy
C1 0.5488 0.09966 0.2072 1
c2 0.60866 0.19715 0.13618 1
C3 0.29593 0.15517 0.05236 1
C4 0.17771 0.3368 0.47309 1
C5 0.23743 0.07336 0.12659 1
C6 0.2603 0.66186 0.00997 1
c7 0.13868 0.61776 0.21429 1
C8 0.85721 0.33081 0.06621 1
C9 0.32011 0.55156 0.22022 1
C10 0.07992 0.71854 0.28208 1
Cl1 0.79753 0.25463 0.14121 1
C12 0.54986 0.21857 0.4832 1
C13 0.48383 0.21695 0.05792 1
C14 0.42838 0.22356 0.40515 1
C15 0.35871 0.04612 0.20096 1
C16 0.24544 0.28216 0.40039 1
H1 0.03344 0.37812 0.46939 1
H2 0.09401 0.02762 0.12313 1
H3 0.21018 0.61583 0.06737 1
H4 0.0393 0.58768 0.15656 1
H5 0.00176 0.37226 0.0694 1
H6 0.36218 0.46155 0.16885 1
H7 0.06411 0.26195 0.22244 1
H8 0.48002 0.19093 0.34722 1
H9 0.68841 0.48152 0.24344 1
H10 0.1579 0.29429 0.33819 1
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Tabl e The.nithal py od ( Wnioel reecnutl éee) ppyforleynreor phs up t
cal culated by DFT.

Pressure, |Pyr¢ne Pyr¢he Pyr+4mhée Pyr¢wVe Pyr#&ne
0 0 0.0003 [0.0010 |0.0181 |0.0514
1 0 -0.0088 |-0.0465 |0.0046 [0.0241
2 0 0.0178 |-0.0898 |-0.0121 |-0.0158
3 0 0.0253 |0.1287 |-0.0283 |-0.0521
4 0 -0.0338 |-0.1668 |-0.0474 |-0.08091
5 0 0.0451 |-0.2015 |-0.0686 |[-0.1294
Tabl e | 3 eXx5ol ecul ar di stances and interplanar
from experiments in helium pressure medi um.
Ponmoerressure,:jnt_erm()lec :jnt.ermolec I nterplan
1, i 2, I
Pyr4ne 0 3.534 3.534 83.6
Pyr¢he 0.7 3.378 3.378 75. 4
Pyr4he 1.4 3.289 3.289 73.8
Pyr4Ne 2.7 3.148 3.239 66. 7
Pyr4we 4.3 3.075 3.157 65. 1
Pyr#ne 7.3 3.013 2.948 44.9
Pyr#ne 9.5 2.944 2.885 43.7
Pyr#ne 15. 4 2.861 2.772 42
Pyr#ne 20. 2 2.808 2.710 41.1
Pyr#ne 25. 2 2.755 2.633 40.1
Pyr#ne 29. 8 2.712 2.593 40
Pyr#ne 35.5 2.656 2.560 39.5
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Suppl ementary Note HirBhheédpsunf agkeomaapeded
Pyrene mol ecules exhibit Vtva&tmiack#Hnifhaingr act i o
H LLL H contacts. As Ldslipackiemg i motFiifg.i sS5r dp@l

t wbi mensi onal fingerprint pl &td das staargrienegn a
approxi mately 1.75 i (i ndicated by Arrow
i ntermol ecul ar di s tlanntoel eicnu ltehse. pTahiirss oobfs epryvrae
intermol ecul ar distance of ~3.e®naji nbased )an O
either side of the plot, two distinct pairs
CH(e)it)b Li nteractions (outl i pak(dH)élLyet ot ian
(outlined in purple)strretsepsectthe el yt erma@l. e Sbl

pyr-eneol ecules within their surrounding mol e
in this figurdosimswhmacphp eidn cuksaipdigr akt ees boEach

normali zed by th)e wadM (v annordreegs pdarmadisng t o t h
close contact near t he dotdifeasc ei.n Tihtes aadbvialnittay
more balanced and symmetri cal approach to a
met hod empl oywhibBledestohot setdeme (-giéémerent.
bl ue schedgaendstead map t hese di sdhoathmac eismp arhtiisa ldle
identify all c¢close contacts, where contacts

dbs on a surface that is primarily blue. Fi
pri medr(ye)@)LLi nteracti o( @Y€l ti mg epraicmharoym ,C bot h
by the | ower pair of wingsii)hLiiMH ef)i ngperepraich
nooml ose contact interadgdcrmons are not refl ect
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