CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Bulk modulus of molecular crystals

Xudong Jiang(YL /B %%), Yajie Wang(7EHEvi), Kuo Li(Z5), and Haiyan Zheng( 4 #)
Citation:Chin. Phys. B, 2025, 34 (6): 066201. DOI: 10.1088/1674-1056/adcala
Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Stoichiometric change and solid decomposition in Ca-S compounds under high pressure

Yang Lv( & BH), Jian-Fu Li(Z2 7 48), Zhao-Bin Zhang(7K£#), Yong Liu(XI| 5), Jia-Nan Yuan( 32 53), Jia-Ni Lin(#R 4
1), and Xiao-Li Wang(FHENH)
Chin. Phys. B, 2025, 34 (4): 046202. DOI: 10.1088/1674-1056/adb38e

Pressure-driven crystal structure evolution in RbB,C, compounds

Jinyu Liu(X114: 5), Ailing Liu(X1| %2 ), Yujia Wang( £ W £E), Lili Gao(/=1 FIEF), Xiangyi Luo(¥ #1f1), and Miao
Zhang(7K#k)
Chin. Phys. B, 2025, 34 (4): 046201.  DOI: 10.1088/1674-1056/adb271

Novel high-temperature-resistant material SbLaO; with superior hardness under high

pressure

Haoqi Chen(%iti#), Haowen Jiang (22 50), Xuehui Jiang(Z% 55 #%), Jialin Wang(F £EH#£), Chengyao Zhang (5K 4

B%), Defang Duan(EX1%75), Jing Dong(Z& 1), and Yanbin Ma( 5 #i)
Chin. Phys. B, 2025, 34 (2): 026201. DOI: 10.1088/1674-1056/ad989%e

Theoretical insights into the structures and fundamental properties of pnictogen

nitrides

Jingjing Wang(E &), Panlong Kong(fL2£ %), Dingmei Zhang (5K 7 #%), Defang Gao(= 1 75), Zaifu Jiang (&

H ), and Wei Dai(5h)
Chin. Phys. B, 2024, 33 (9): 096201. DOI: 10.1088/1674-1056/ad6a07

High-pressure study on calcium azide (Ca(N,),): Bending of azide ions stabilizes the

structure

Xiaoxin Wu(iUE3%), Yingjian Wang( - #iifi), Siqi Li(Z=E.3H), Juncheng Lv( & 12 1), Jingshu Wang(F k), Lihua
Yang(# %), Qi Zhang(5Kiff), Yanging Liu(XI#1i7%), Junkai Zhang(3K 12 8)1), and Hongsheng Jia( % 3t 7)
Chin. Phys. B, 2024, 33 (5): 056201. DOI: 10.1088/1674-1056/ad2b53


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adca1a
https://doi.org/10.1088/1674-1056/adca1a
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb38e
https://doi.org/10.1088/1674-1056/adb38e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb271
https://doi.org/10.1088/1674-1056/adb271
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad989e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad989e
https://doi.org/10.1088/1674-1056/ad989e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad6a07
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad6a07
https://doi.org/10.1088/1674-1056/ad6a07
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2b53
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2b53
https://doi.org/10.1088/1674-1056/ad2b53

ISSN 1674-1056

SPECIALTOPIC

A series Journal of the Chinese Physical Society Distributed by IOP Publishing

iopscience.org/cpb cpb.iphy.ac.cn

Yo "W,

% te, %o e,
SIS

N N O N N O N
LSOO 0.0',0 ”

Featured Article

Two-step growth of 4-inch multilayer MoS, wafers
Yang-Kun Zhang, Yu-Chen Wang, Wei Yang, Dong-Xia Shi, Luo-Jun Du, Guang-Yu Zhang

Chin. Phys. B, 2025,34: 068103

CHineske PuysicaL Sociery | 1OP Publishing



Chinese Physics B (H [E )2 B)

First published in 1992. Published monthly in hard copy by the Chinese Physical Society and online by IOP
Publishing, No. 2 The Distillery, Glassfields, Avon Street, Bristol BS2 0GR, UK

Institutional subscription information: 2025 volume

For all countries, except the United States, Canada and Central and South America, the subscription rate per
annual volume is UK.£1749 (electronic only).

Orders to:

Journals Subscription Fulfilment, IOP Publishing, No. 2 The Distillery, Glassfields, Avon Street, Bristol BS2
0GR, UK

For the United States, Canada and Central and South America, the subscription rate per annual volume is
US$3485 (electronic only).

Orders to: IOP Publishing, P. O. Box 320, Congers, NY 10920-0320, USA

(© 2025 Chinese Physical Society and IOP Publishing Ltd

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted in any form or by any means, electronic, mechanical, photocopying, recording or otherwise,

without the prior written permission of the copyright owner.

Editorial Office: Institute of Physics, Chinese Academy of Sciences, P. O. Box 603, Beijing 100190, China
Tel: (86-10) 82649026 or 82649519, Fax: (86-10) 82649027, E-mail: cpb@aphy.iphy.ac.cn

T RN T E R R [H pr %t —F115: ISSN 1674-1056

TR o [ B S 2 A [ R e ) BRI E W% —T]5: CN 11-5639/04

£ ##: Chinese Physics B Zm#E# gmiE bl bRt Foeks S ERFEE B ELR 5T AT N
B R hEpEE S il {5 Hb bk 100190 b5 603 (546

s H 1 20254F6 H e ifi: (010) 82649026, 82649519
BRI T A6 RHE BRI R A 3 H: (010) 82649027

N & AT: Chinese Physics B 4m%H
[E4h % 47: IOP Publishing Ltd
RATWEHE: ATF&KAT

“Chinese Physics B” Pk
http://cpb.iphy.ac.cn
http://iopscience.iop.org/journal /1674-1056

Advisory Board

Chen Jia-Er(f£EMH), Samuel C. C. Ting(T %), C. N. Yang(##k7*), Wang Nai-Yan(F JIE),
Zhao Zhong-Xian(#B %), Yang Guo-Zhen (1 H 1)

Editorial Board
Editor-in-Chief

Gao Hong-Jun(84y)

Associate Editors

Chen Xian-Hui(Fl#%)

Fan Heng(7uff7)

Gao Yuan-Ning( i i T*)

Li Jian-Xin(Z=2H0)

Li Ru-Xin(Z:%H)

Ma Yan-Ming(5FR44)
Ouyang Zhong-Can (FXFHER)

Chinese Academy of Sciences, China

University of Science and Technology of China, China
Institute of Physics, Chinese Academy of Sciences; China
Peking University, China

Nanjing University, China

Shanghai Tech University, China

Jilin University, China

Institute of Theoretical Physics, Chinese Academy of Sciences, China



Shen Bao-Gen(JEfR1R) Institute of Physics, Chinese Academy of Sciences, China

Wang Wei-Hua(7F T4£) Institute of Physics, Chinese Academy of Sciences, China
Wang Zi-Qiang(VE H ) Boston College USA

Wang Ning(ET) The Hong Kong University of Science and Technology, China
Xiong Qi-Hua(fE)H 1) Tsinghua University, China

Yao Wang(#k:E) The University of Hong Kong, China

Zhang Jie(TK7) Chinese Physical Society, China

Zhang Yuan-Bo(5KiZ %) Fudan University, China

Editorial Board

Chen Chong-Lin (B 78 k) University of Texas at San Antonio, USA

Chen Wei([%:41) National University of Singapore, Singapore

Chen Xiao-Song([4HEHA) Beijing Normal University, China

Chen Yu—Ao(l%E\?%ﬂ) University of Science and Technology of China, China
Cheng Jian-Chun(F2 %) Nanjing University, China

Cheng Meng(T£5%) Yale University, USA

Cui Xiao-Dong(#H4) The University of Hong Kong, China

Dai Qing(#JK) National Center for Nanoscience and Technology, China
Dai Xi(#4) The Hong Kong University of Science and Technology, China
Ding Da-Jun(T K%) Jilin University, China

Fang Zhong(77 i2) Institute of Physics, Chinese Academy of Sciences, China
Feng Shi-Ping ({5 {H-F) Beijing Normal University, China

Feng Xin-Liang(1%#75%) Dresden University of Technology, Germany

Gao Wei-Bo(= /d1H) Nanyang Technological University, Singapore

Gong Xin-Gao(Z&#i =) Fudan University, China

Gu Chang-Zhi(JBiK &) Institute of Physics, Chinese Academy of Sciences, China
Guo Hong(F5) McGill University, Canada

Hu Xiao(if#%) National Institute for Materials Science, Japan

Huang Xue-Jie(F2:7) Institute of Physics, Chinese Academy of Sciences, China
Ji Wei(ZH) Renmin University of China, China

Jia Jin-Feng(%{4%%) Shanghai Jiao Tong University, China

Jiang Ying(YL#) Peking University, China

Leong Chuan Kwek National University of Singapore, Singapore

Lei Dangyuan (7 5 J&) City University of Hong Kong, China

Li Bao-Wen(Z={£ L) Southern University of Science and Technology, China

Li Jian-Qi(Z= &%) Institute of Physics, Chinese Academy of Sciences, China
Li Xiao-Guang(Z=#%)6) University of Science and Technology of China, China
Liu Bing-Bing(XIJ#K¥K) Jilin University, China

Liu Chao-Xing(XI# &) Pennsylvania State University, USA

Liu Xiang-Yang(Xl[7]FH) Xiamen University, China

Liu Yi-Chun(X|# %) Northeast Normal University, China

Liu Zheng(XI|i) Nanyang Technological University, Singapore

Long Gui-Lu(#H:4) Tsinghua University, China

Lu Zheng-Tian(f{iEK) University of Science and Technology of China, China,
Lu Wei(fiti 1) Shanghai Institute of Technical Physics, Chinese Academy of Sciences, China
Luo Hong-Gang(% #tNI) Lanzhou University, China

Lu Guang-Hong(&J %) Beihang University, China

Lu Li(&77) Institute of Physics, Chinese Academy of Sciences, China



Ma Xu-Cun(5JEF)
Ma Yu-Gang(Zh42KI)
Ni Pei-Gen({it55#1)
Niu Qian (4 i)
Ouyang Qi(RKFH )
Pan Yi(i%%%)

Shen De-Zhen ( Fi {#{7)

Shen Ze-Xiang(H! ¥ 4)
Shen Jian (L fi)

Si Qi-Miao(HrH: 1)
Sun Chang-Pu(fh &)
Sun Xiao Wei(fh/h 1)
Tian Yong-Jun(HkH)
Tong Li-Min(FEF|E)
John S. Tse

Wan Bao-Nian (/7 E4F)
Wang Bo-Gen(E1HHR)
Wang Kai-You(EFFK)
Wang Wei( E4H)

Wang Ya-Yu(L &)
Wang Yu-Peng( L EMY)
Wei Su-Huai(Z1 75 )
Wen Wei-Jia({4E1E)
Wen Hai-Hu([H¥#5E)
Wu Nan-Jian( 5 i)
Xiang Tao([#)

Xie Xin-Cheng (0¥
Xu Hong-Xing (%4 &
Xu Zhi-Chuan (451
Yang Guo-Wei(# [E{f
Yang Lan(#=%)

Ye Jun("t%)

Zhang Fu-Chun(5K & %)
Zhang Hong(5K4T)
Zhang Yong(5Kk 5)
Zhang Zhen-Yu(7k#RTF)
Zhao Hong-Wei(iX£1. )
Zhao Hui (&)

Zhao Wei-Juan(BX4ELH)
Zheng Zhi-Gang(F8 &N
Zhou Wu (i)

Zhou Xin(JEHT)

Zhou Xin(JHJik)

~

Zhou Xing-Jiang(Jfl24iT)
Zhu Bang-Fen (&%)

Editorial Staff

Tsinghua University, China

Fudan University, China

National Natural Science Foundation of China, China
University of Texas, USA

Zhejiang University, China

Xi’an Jiaotong University, China

Changchun Institute of Optics, Fine Mechanics and Physics, Chinese
Academy of Sciences, China
Nanyang Technological University, Singapore

Fudan University, China

Rice University, USA

Beijing Computational Science Research Center, China

Southern University of Science and Technology, China

Yanshan University, China

Zhejiang University, China

University of Saskatchewan, Canada

Institute of Plasma Physics, Chinese Academy of Sciences, China
Nanjing University, China

Institute of Semiconductors, Chinese Academy of Sciences, China
Nanjing University, China

Tsinghua University, China

Institute of Physics, Chinese Academy of Sciences, China
Eastern Institute of Technology, Ningbo, China

The Hong Kong University of Science and Technology, China
Nanjing University, China

Institute of Semiconductors, Chinese Academy of Sciences, China
Institute of Physics, Chinese Academy of Sciences, China

Peking University, China

Wuhan University, China

Nanyang Technological University, Singapore

Sun Yat-Sen University, China

Washington University in St. Louis, USA

University of Colorado, USA

University of Chinese Academy of Sciences, China

Sichuan University, China

The University of North Carolina at Charlotte, USA

University of Science and Technology of China, China

Institute of Modern Physics, Chinese Academy of Sciences, China
The University of Kansas, USA

Zhengzhou University, China

Huaqiao University, China

University of Chinese Academy of Sciences, China,

University of Chinese Academy of Sciences, China

Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences,

China
Institute of Physics, Chinese Academy of Sciences, China

Tsinghua University, China

Wang Jiu-Li(EAMNN) (Editorial Director)  Cai Jian-Wei(%#1i) Zhai Zhen(##g)



Chin. Phys. B 34, 066201 (2025)

TOPICAL REVIEW — Structures and properties of materials under high pressure

Bulk modulus of molecular crystals

Xudong Jiang(JTJE%), Yajie Wang(YEAE)T, Kuo Li(Z5fd), and Haiyan Zheng(K i)
Center for High Pressure Science and Technology Advanced Research, Beijing 100193, China

(Received 21 February 2025; revised manuscript received 1 April 2025; accepted manuscript online 8 April 2025)

Bulk modulus is a constant that measures the incompressibility of materials, which can be obtained in high pressure
experiment by fitting the equations of state (EOS), like third-order Birch—-Murnaghan EOS (BM EOS) and Vinet EOS. Bulk
modulus reflects the intermolecular interaction inside molecular crystals, making it useful for researchers to design novel
high pressure materials. This review systematically examines bulk moduli of various molecular crystals, including rare-gas
solids, di-atom and triplet-atom molecules, saturated organic molecules, and aromatic organic crystals. Comparisons with
ionic crystals are presented, along with an analysis of connections between bulk modulus and crystal structures.

Keywords: high pressure, bulk modulus, molecular crystal, intermolecular interaction

PACS: 62.50.—p, 81.40.Vw, 64.70.K, 61.50.Ks
DOI: 10.1088/1674-1056/adcala

1. Introduction
1.1. Molecular crystals at high pressure

Molecular crystals are primarily composed of small
molecules interconnected through intermolecular interactions
such as van der Waals interactions, which exhibit lower bind-
ing strength compared with covalent or ionic interactions.
These weak intermolecular interactions result in enhanced
compressibility under pressure. Such high compressibility
gives rise to a greater variety of distinct high-pressure struc-
tures and generates more materials with new properties under
high pressure.l!l High pressure enables to reduce the inter-

molecular distances, >3] [4.5]

increase the density of electron,
or change the energetic ordering of the outer atomic orbitals
of molecules.[®”! In term of the different compressibility of
molecular crystals, applying pressure could produce interest-
ing phenomena, like pressure-induced polymerization, [8-10]
pressure-driven phase transition,!''=!3 and even molecule
dissociations. 141!

In recent decades, high-pressure responses of molecu-
lar crystals have been widely investigated across chemistry,
physics, biology, geoscience, and materials science. For in-
stances, the water-ice system has been found to have a very
rich phase diagram with about twenty stable and metastable
phases, which is of crucial importance for understanding
the entire diversity of nature.!'®! Unsaturated molecular crys-

tals like nitrogen,!!”-11 carbon monoxide, 22! nitriles, [*?!

alkene,>*>! alkyne,?6-28 and aromatic compounds?°-33!
tend to polymerize under high pressure, providing a new

method to develop novel materials.

fCorresponding author. E-mail: yajie.wang @hpstar.ac.cn
fCorresponding author. E-mail: zhenghy @hpstar.ac.cn

CSTR: 32038.14.CPB.adcala

1.2. Bulk modulus and the equations of state

Bulk modulus (B)
deformation,?*3% and can be used to probe the phase

quantifies the degree of
transition3”*1 and reaction!*’! of molecular crystals in high
pressure experiment, making it significant to characterize the
physical property of a material system.*!=*3] The bulk modu-
lus is defined as

e dr
dv/v. dV’

= ey
where P is pressure, and V is volume. A reduced bulk modulus
in materials directly correlates with enhanced compressibility,
demonstrating weakened intermolecular bonding forces be-
tween constituent atoms/molecules. [46]

High pressure bulk modulus is normally obtained by fit-
ting the equations of state (EOS), the formula that describes
the equilibrium state by a series of thermodynamic variables
like pressure, volume, and temperature.

If we assume that bulk modulus is a linear function of
pressure as

B = By+B)P, )
By =0B/JP, 3

where By is the bulk modulus at P = 0 GPa and By is the first
derivative of the bulk modulus. Then we can derive the Mur-
naghan EOS (MU) by integrating formula (1) and substituting

44,47

it into the boundary condition of P = 0 GPa.[***"] It can be

_B
2 G R
B, Vo

represented as

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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where By is the bulk modulus at P = 0 GPa, B6 is the first
derivative of the bulk modulus, and Vj is the cell volume at
P =0 GPa. Murnaghan EOS is widely used for calculating
metamorphic phase equilibria because it provides a simple al-
gebraic resolution of P in terms of V, but it is considered only
suitable for low pressure!*8! (4 GPa suggested by Kumar)*”!
or compressions up to about 10% (V /Vy > 0.9).14!] The most
popular EOS is the Birch-Murnaghan EOS (BM EO0S).150-11
BM EOS is based on Murnaghan’s theory of finite deforma-
tions to describe the effect of hydrostatic pressure upon the
elastic coefficients of an isotropic body.!>°! It defines the Eu-
lerian finite strain of uniformly compressed cubic as

-3
<V()> . l] . 5)

Then substitute formula (5) into the third-order expansion
[44]

1

of Helmholtz free energy by Eulerian finite strain
AF =af*+bf?, (6)

where F is the Helmholtz free energy, a and b are two elas-
tic constants. Combining with the definition of B and B,
the third-order Birch—-Murnaghan EOS that contains both bulk
modulus and its first derivative is represented as

(%) (&)
x{1+i(364) <VVO)1 } ™

where By is the bulk modulus at P = 0 GPa, B6 is the first
derivative of the bulk modulus, and Vj is the cell volume at

3
P="1B
20

P =0 GPa. BM EOS was developed for isotropic materials
and was commonly applied to all solids, especially metals.
Fitting accuracy may decrease under non-hydrostatic pressure
conditions or deviations from isotropic compression criteria.
Another conventional EOS is Vinet EOS, which is also
called the “universal” EOS.5>* Vinet EOS is based on a
semi-universal relationship for interatomic potentials, assum-
ing wave-function-overlap interactions dominate during com-
pression for all solids. This approach simplifies treatment of
diverse bonding types, enabling formulation of a unified EOS
framework. [>?]
The Vinet EOS can be derived from the relation!>! be-

tween energy and the interatomic separation distance as

E(r):E(r)0<1+rlr°> xexp(—rlro), ®)

where E (r) is the total energy, r is the interatomic separation

distance, and [ is a scaling length. Considering the relation of
P and E (r), we will get

_8E(r) B

E(r), 2 1 1
v 32

P = (V73 +Vg)

1 1
-V73+V3
X exp (l+0> )

Combining formula (9) with formulas (1) and (3), the Vinet
EOS can be represented as

PngO(VVO)f [1_(50)%
xexp{;(Bg—l) [1_ (“/:))%] } (10)

where By is the bulk modulus at P = 0 GPa, 36 is the first
derivative of the bulk modulus, and Vj is the cell volume at

P = 0 GPa. Vinet EOS has a better performance in organic
crystals, but has a larger error when considering the influ-
ence of temperature.’* Besides, Vinet EOS requires modi-
fications for strong compression to remain “universal” for dif-
ferent systems. >/

As shown in Table 1, Holzapfel summarized other com-
mon equations of states,!*®! like the EOS form of the gener-
alized strain expansion (GS2),/*®! the linearization form EOS
that represents the Hugoniot curves related to linear us—u,, rela-
tions (MS2),157! the EOS based on an effective Lennard—Jones
potential used by Griineisen (MG3),18! the EOS based on a
generalized Born-Mayer type effective potential (GBM), 48]
the EOS based on the effective Morse potential (Emo), 3]
the Vinet EOS modified by replacing the Born type exponen-
tial repulsion with an effective Thomas—Fermi type potential
(HO»), ! the EOS that can perfectly match with the free elec-
tron Fermi-gas limit (B,, = 5/3) which can’t be approached for
other EOS under high pressure (H12).1>°!

Table 1. Commonly used equations of states forms with their parameter re-
lations. By is the bulk modulus at P = 0 GPa, 86 is the first derivative of the

bulk modulus, Vp is the cell volume at P = 0 GPa, and x = (V/Vo)1/3.

Name Equations of states Bj,
MU P=32By-x ¢ (1-x) $
BMBY P=3Byx-(1-x%) (1+c(x2-1)) 4+%c
GS20481 P=3By-x 3 (1-x")- (I+c(x"—1)) n+2+ %
MS267 P=By(1-x*)-(14+c(1-x%) dc—1
MG3 [58] P= %B[) M. (1 7xn) 2m3—n
_ 3By - —n—1 | g—c(1=X)y | e(l—x 4, Pt

GBMMT  p= 0 2 (1 -yt e 7T el T gy C e
Emo/*¥! P=18By.x 2 (1—e (0-). oS 1+ ¢
Vinet>?! P=3By-x2(1—x). e 1+2c
HO2!%) P=3By-x5-(1—x)eU™ 3+2c
H1259 P=3Bo-x75'(l7)()46“(17"').5"0“7’() 3+§(c+c0)

Researchers need to understand the applicable pressure
range and assumptions of the EOSs to avoid over-fitting. Both
Murnaghan EOS, BM EOS and Vinet EOS are semi-empirical
equations, because their assumptions like isotropic compres-
sion or energy relation have not been strictly expanded to other
fields, although they have shown good fitting ability for dif-
ferent systems. As comparisons, Vinet EOS normally has a

066201-2
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better result for strong compression due to its strong exponen-
tial term, which represents the ability for materials to store
energy by deformation under strong compression. Third-order
BM EOS also has a good fitting result for strong compres-
sion, while Murnaghan EOS was considered not suitable for
compression of process greater than 4 GPa because its low ex-
ponent term. 4%}

However, there are also some cases in which Murnaghan
EOS has the best fitting result, or these three EOSs have simi-
lar results. For example, Pravica et al. found that Murnaghan
EOS had the lowest relative error for the compression of cy-
clohexane up to 40 GPa,[®"! though the Murnaghan EOS was
suggested to be accurate up to 4 GPa.!**! Vlasic er al. found
that there is almost no difference for Vinet EOS, BM EOS and

a four-parameter EOS®! when considering the structure II gas

Applied force

(a) v R lmej\jt_ 205 K
P=7.7 GPa

685 690 695 700 705 710
A (nm)

Sample chamber

hydrate system. [©?]

1.3. High pressure device

The EOS is normally measured by shock-wave and static
high-pressure experiments with crystallographic techniques.
There are two types of conventional static high-pressure de-
vices, Paris—Edinburgh cell (PE cell) 163.64] and diamond anvil
cell (DAC)[%! for in situ neutron and synchrotron or lab x-
ray diffraction measurements, respectively. DAC is the most
popular device that can produce a super high pressure up to
1 TPa.[% Paris—Edinburgh cell is suitable for mg-scale ex-
periments, which can reach pressure up to 40 GPa.[%7-%] Re-
searchers can obtain the cell parameters at different pressures
and then obtain the bulk modulus by fitting the equations of

70]
ClD = @

Encapsulated gasket

» = a

Wandard gask7

WA

state.[

N

N\

7

Type V3b Paris—Edinburgh cell Standard anyil & gasket configuration

Fig. 1. The structure of (a) diamond anvil cell”!! and (b) Paris—Edinburgh cell.[’!

2. Bulk modulus of different molecular crystals
2.1. Rare-gas solids

The bulk modulus of monoatomic molecules is important
for the investigation of giant planet, and also for high pres-
sure experiment, because rare gases are commonly used as
pressure transmitting media (PTM) in DAC.!”?! Generally, the
high-pressure structure of rare gases is hexagonal close packed
(hcp), which is different from the cubic close packed (fcc)
low pressure phase. It is interesting that neon remains a fcc
phase up to 208 GPa without evidence of the formation of hcp
phase, 73] indicating weaker three-body-exchange interactions
which cause phase transitions of other rare gases.[’*!

The bulk moduli of rare gases are assorting in Ta-
ble 2. Helium has the smallest bulk modulus of 0.65 GPa
for fcc phase and 3 GPa for hcp phase.”>) Neon has a larger
bulk modulus, with the reported data from 1.07 GPa,![3]
0.74 GPa,"%771 to 12 GPal™! for fcc phase. Argon’s bulk
modulus ranges from 2.4 GPal’®78 to 6 GPal”™> for fcc
phase, and has a bulk modulus of 13 GPa for hcp phase,!””]
and a value of 3 GPa was reported for the mixed phase of
fcc and hcp.!”®! Krypton has bulk modulus of 1.6 GPal®!

or 3.3 GPal”! for mixed phase even under a pressure of
140 GPa,®l and has a bulk modulus of 5.5 GPa for fcc phase
and 23 GPa for hcp phase.!”>! Xenon has the largest bulk mod-
ulus in rare-gas solids of 3.6 GPa,®11 4.5 GPa!®l or 7 GPal™!
for fcc phase, while having the bulk modulus of 4.3 GPa!®!l or
22 GPal”>! for hep phase and 4.3 GPal”! for the mixed phase.

Considering the similar crystal structures for rare gases,
we can generally find that atomic radius has the major in-
fluence on bulk modulus. The larger atom radius leads to a
stronger dispersion interaction,®3! which will induce a larger
bulk modulus. Besides, the hcp phase usually has a larger bulk
modulus than the fcc phase, indicating a more compact pack-
ing structure under high pressure. The deduction about the
relationship between bulk modulus and atomic radius can be
extended to more complex molecular crystals. The difference
between the reported data reflects the error of the experimental
data and the fitting processes. Due to the deviation of experi-
ment and EOS, it is difficult to determine the accuracy of bulk
modulus only by the fitting results. DFT calculation!®*! and
acoustic techniques such as Brillouin scattering or ultrasonic

85,86
yl »

interferometr ! may be needed for auxiliary judgment.
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Table 2. Bulk modulus of rare-gas solids.

Name Structure Pressure range (GPa) EOS & Model By (GPa) 36
Helium!"! fec 1-10 BM 0.65 2
Helium!™! hep 1-80 BM 3 12
Neon!76.771 fce 4.7-144 Murnaghan 0.74 7.1
Neon!7! fec 1-208 Vinet 1.07 8.4
Neon!”! fec 1-110 Murnaghan 12 4.2
Argon!76.781 fee 1.2-8.2 Murnaghan 24 7
Argon!”! fee+hep 1-128 Mie—Griineisen 3 7.2
Argon!”! fcc 1-20 BM 6 4
Argon!7] hep 20-114 BM 13 3.5
Krypton!®0] fcc+hep 1-140 BM 1.6 7.1
Krypton!”! fcc+hep 1-128 Mie—Griineisen 33 7.2
Krypton!”! fcc 1-20 Murnaghan 5.5 3.8
Krypton!”! hep 20-140 Murnaghan 23 3.5
Xenon!®!! fec 3.7-70 BM 3.6 5.5
Xenon (811 hep 70-127 BM 43 49
Xenon!”! fec+hep 1-128 Mie—Griineisen 43 6.5
Xenon!3?! fce 1-60 BM 4.5 5.6
Xenon!7! fce 1-20 Vinet 7 5.8
Xenon!"! hep 20-175 Vinet 22 3

2.2. Di-atom and triplet-atom molecules

The bulk modulus of diatoms molecules (H, and Nj)
listed in Table 3 are both small but the latter (2.69 GPa)!®7! is
larger than the former (0.162 GPa), 8! which agrees with the
above result that the bulk modulus is dependent on the molecu-
lar size. Ice under high pressure exhibits a larger bulk modulus
(12-260 GPa),[3°-%31 which arises from the hydrogen-bonding
interactions within the crystalline lattice. For comparison,
the low pressure phase carbon dioxide has a bulk modulus of
2.93 GPal® or 6 GPa,!®! representing the enhancement ef-

fect of hydrogen bond on bulk modulus. The unusual high
bulk modulus (87 GPa, 131 GPa, and 365 GPa)!®>! of high
pressure phase carbon dioxide was explained by the transfor-
mation from molecular crystal to covalent crystal,®>7] the
different fitting pressure range, ! or the inaccuracy of the ex-
periment caused by the hysteresis of phase transition.*”! The
enhancement effect of hydrogen bond was also observed in
complex systems. For example, Dreger et al.!'%" found that
5,5'-bistetrazole-1,1’-diolate has a negative linear compress-
ibility of the a axis caused by the strong hydrogen bonding
interaction along the a axis.

Table 3. Bulk modulus of di-atom and triplet-atom molecules.

Name Pressure range (GPa) EOS & Model By (GPa) 36
Hydrogen!®8] 10-109 Vinet 0.162 6.813
Hydrogen!3®! (Cal) 120-350 Mie-Griineisen 0.999 5.799
& phase nitrogen!®7! 5.7-43.9 Olinger & Halleck %! 2.69 3.93
€ phase nitrogen87) 5.7-43.9 Olinger & Halleck 3] 2.98 3.78
Ice VIII®] 3.0-8.0 Olinger & Halleck 3] 12.54 5.56

Ice VII%0] 0-13 Vinet 27.8 2.8

Ice VII%0 13-66 Vinet 97 3

Ice VIII®O 66-106 Vinet 260 7.3

Ice VI 2-13.7 BM 13.8 5.9

Ice VIIIO1 2-13.7 Vinet 13.6 6.2

Ice VI 2-13.7 H12 13.7 6.0
mixed phase ice?! 2.2-170 Vinet 4.26 775

Ice VIII®3 (300 K) 2.2-18 BM 20.4 4.7

Ice VIII®! (93 K) 2-13.7 BM 18.7 5.7

Ice VI (93 K) 2-13.7 Vinet 185 6.0

Ice VI (93 K) 2-13.7 H12 18.6 5.9

Ice VIII®Y (196 K) 2-13.7 BM 15.6 6.2

Ice VIITIY (196 K) 2-13.7 Vinet 15.4 6.4

Ice VIITI®Y (196 K) 2-13.7 H12 15.6 6.2

Mixed phase CO, 4! 1-51.4 BM 2.93 7.8

Phase I CO, %! 1-11 BM 6 6.1

Phase III CO, %! 11-50 BM 87 33

Phase I CO, ! (> 500 K) 20-50 BM 131 2.1

Phase V CO, % (> 1600 K) 40-50 BM 365 0.8
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2.3. Saturated organic molecules

The bulk moduli of saturated organic molecules are
listed in Table 4. Generally, we can find that the larger
molecules have a larger bulk modulus. For example, ethane
(25.9 GPa or 71.1 GPa),!'°! heptane (14.5 GPa),[%?! cyclo-
hexane (12 GPa)!®"! and cubane (14.5 GPa)!'%%l have a larger
bulk modulus than methane. However, the data of ethane is a
little surprising. Normally, the bulk modulus of small molec-
ular crystals with van der Waals interactions only is smaller
than 15 GPa and the bulk modulus of ionic crystals is larger
than 20 GPa.

Besides, what we need to note is that researchers propend
to fix the By, at 4 when having too limited data to fit the EOS.
This means ignoring the influence of B,!' B} ~ 4 is actu-
ally a common value for ionic crystals and metals, but fixing
it at 4 will likely result in a larger By, especially for molecular
crystals. (431951 For example, Lin er al.!'%! found that the fitted
B( of ammonia borane will increase from 4.8 GPa to 9.8 GPa if

the fixed 36 decreases from 10 to 6.4, and Fan er al.!'%7] found
that the calcium-lead fluorapatite solid solution will have a By
smaller by about 10-20 GPa if not fixed the B at 4. As shown
in Table 3, Hazen et al.' and Sun er al.!%! fixed Bj, at 4
for methane and obtained a series of bulk moduli for differ-
ent phases, such as 4.9 GPa for fcc phase,!!'%! or 7.9 GPa for
rhombohedral phase,!1%1 23.7 GPal'%! or 23.1 GPa for simple
cubic phase,!!'!! and 28.5 GPa for a high-pressure phase, %]
which will mathematically make By larger. In comparison,
when Bf) is not fixed, the bulk modulus of C(CN)4!"!2! and
C[Si(CH3)3]4[113] is 4.4 and 5.4, respectively. It is reasonable
to infer that the bulk modulus of methane should be smaller
than C(CN)4 and C[Si(CHz3)3]s without B6 fixed. Therefore,
in consideration of the increasing size of substituent group, we
probably could find a positive relation between the bulk mod-
ulus and molecular volume, in consistent with the previous

conclusion.

Table 4. Bulk modulus of saturated organic molecules.

Name Pressure range (GPa) EOS & Model By (GPa) By,
C(CN), 1121 0.1-14.7 BM 4.4 18
[121]Tetramantane! 14! 1-13 BM 5.4 18.75
C[Si(CH3)3]4 113! 1-5 BM 55 15
Fcc CH,4 1081 1.6-5.2 Murnaghan 4.9 4 (fixed)
Rhombohedral CH4 %! 11-27 BM 7.8 4 (fixed)
Rhombohedral CH,!110] 7-13 BM 7.9 4 (fixed)
Simple cubic CH4 %% 19-69 BM 23.7 4 (fixed)
Simple cubic CH,4 ! 17-85 BM 23.1 4 (fixed)
High-pressure phase CHy4 %] 94-202 BM 28.5 4 (fixed)
CyHg 101 2.7-13.4 BM 25.9 9.2
CyHg 101 13.4-110 BM 71.1 3.5
Heptane!'0?! 1.7-10 BM 14.5 4 (fixed)
NH;BH; 1061 1.6-5 BM 8 6.4 (Cal)
1,1-diamino-2,2-dinitroethene!! ! 1-4.5 BM 10.1 14.3
£-CL-201116] 1-12 BM 115 112
Cubane!!®] 1-60 BM 14.5 6.2
a-glycine!!7] 0.2-6.4 Vinet 19.5 6.5
I-cystine!118] 0-6.4 BM 29.1 4 (fixed)
Cyclohexane!©0] 1-40 BM 12 14.5
Cyclohexane!®0] 1-40 Vinet 9.9 8.1
Cyclohexane!©0] 1-40 Murnaghan 22.9 4.8
120

2.4. Aromatic organic molecules

Aromatic organic molecules are always hot spots in the
research on high-pressure chemistry. The pressure-induced
polymerization of aromatic compounds enables the produc-
tion of novel extended carbon materials, for example, the one-
dimension diamondoid nanothreads with high strength and
stiffness.!!1%) In the studies of aromatics under high pressure,
scientists found that the structures of polymerized samples are
highly related to the high-pressure molecular structures before
reaction. Therefore, the comprehensive studies of the crys-
talline structures and phase transitions under high pressure are

greatly helpful for understanding the interactions between aro-

matic molecules.!'?”) The details of aromatic organic crystals
are assorting in Table 5, arranging in an-ascending order of
bulk modulus.

Generally, aromatic molecular crystals have-a small bulk
modulus, normally ranging from 2 GPa to.10 GPa, as shown
in Table 5.

was proven to have two high pressure phases, the phase I

Benzene as the typical model of aromatics

with Pbca_space-group!'?!] and the phase II with P2;/c
space group!!??l in a herringbone packing structure. It has a
bulk modulus of 7.8 GPa for phase I''*3! and 13.9 GPa for
phase II at room temperature.!'?3! Aniline (5.4 GPa)!'?* and
deuterated phenol (5.8 GPa)!!>! have a similar bulk modu-

lus and packing structure to benzene due to the similar size.

066201-5



Chin. Phys. B 34, 066201 (2025)

With the increasing size of the conjugated coplanar struc-
ture, the bulk modulus correspondingly increased. For exam-
ple, the bulk modulus of naphthalene,[126J anthracene,“27’128]
tetracene!'?8 and pentacene!'?®! is 7.9 GPa, 8.4-8.8 GPa,
9 GPa and 9.6 GPa, respectively.
lar situation for phenylenes, biphenyl (4.3 GPa),l'%! para-

terphenyl (7.2 GPa),!'! para-quaterphenyl (8.3 GPa),[!%]
[105]

There is a simi-
105

para-quinquephenyl (9.3 GPa) and para-sexiphenyl
(10 GPa),!'%! with the increasing number of benzene rings.
In addition, comparing the two types of aromatic molecules,
the biphenyl structure linked by the rotatable ¢ bond has a rel-
atively smaller bulk modulus, which means the biphenyl com-
pounds are more easily compressed under high pressure.

The size of molecules also makes a contribution to

the bulk modulus of other aromatic crystals.  The s-

triazine (6.3 GPa)!'*! and pyridine (6.2 GPa or 6.4 GPa)[!40]
have a similar bulk modulus compared with benzene be-
cause of the similar molecules, while 1,3,5-triethynylbenzene
(10 GPa)['37] has a larger bulk modulus and a larger vol-

ume. Besides, the strong hydrogen bonds in the crystal

structure of 3,3’-diamino-4,4’-azoxyfurazan (9.1 GPa),l'*!]
melamine (12 GPa),l'*?! 1H-tetrazole (13.6 GPa),l'*4 2,5-
furandicarboxylic acid (21 GPa),l'®! and 1,5-diamino-1H-
tetrazole (23 GPa),l'*! make them have a larger bulk
modulus than similar volume molecules, such as bibenzyl
(4.9 GPa),!"3!l benzene (7.8 GPa),l'?3132] and naphthalene
(7.9 GPa).l['26]' Azulene has a much larger bulk modulus of
18.1 GPal'38! than its tautomer naphthalene, which can be ex-
plained by its differential charge distribution and large dipole
moment (1.08 D).[148]

Table 5. Bulk modulus of aromatic organic crystals.

Name Pressure range (GPa) EOS & Model By (GPa) 36
CoH,-CHg!'?! 1-20 BM 2 17
para-xylene!13] 0.1-4.7 BM 35 14

Bipheny]!!03] 1-6 Murnaghan 4.3 8.4
Bibenzyl!!3!] 1-20 Vinet 49 9.3
Aniline!1?4 1.6-7.3 Vinet 5.4 9.9
Phase I benzene!!?! 0.9-2.2 BM 78 4.7
Phase II benzene13?! (540 K) 1-26 Vinet 5.5 8.5
Phase II benzene!?3] 2.5-24.1 BM 13.9 4
Full deuterated phenol!'>] 1720 Vinet 5.8 8.6
Azobenzene!!¥] 1-9.5 Vinet 5.8 9.5
Fluorene!'34! 1-14 Murnaghan 6.2 7.9
Naphthalene-Octafluoronaphthalene!'3’! 1-20.6 Vinet 7.1 9.2
Anthracene-Octafluoronaphthalene!!33] 1-25.5 Vinet 7.2 8.6
1,3,5-triamino-2,4,6-trinitrobenzene 30 1-10 Vinet 72 13.9
para-terphenyl 193] 1-6 Murnaghan 7.2 6.1
Naphthalene!!26] 1-5.6 Vinet 7.9 7.5
para-quaterpheny] 0! 1-6 Murnaghan 8.3 6.4
Anthracene!'?8! 1-9 Murnaghan 8.4 6.3
Anthracene!'?7] 1-22.6 Murnaghan 8.8 6.0
Tetracene!!?8! 1-9 Murnaghan 9 7.9
para-quinquephenyl[10%] 1-6 Murnaghan 9.3 7.5
Pentacene!!%8 1-9 Murnaghan 9.6 6.4
para-sexiphenyl[10] 1-6 Murnaghan 10 5.6
1,3,5-triethynylbenzene!!37] 0.1-3.6 BM 10 5
Azulene!!38! 2.7-7.7 BM 18.1 3.9
s-triazine!!%] 1-7 Vinet 6.3 10.8
Phase II pyridine!'] 0.9-2.5 BM 6.4 8.7
Phase IIT pyridine14"! 1.2-2.7 BM 6.2 8.1
Thiophene!3!! 0-20 BM 8.1 6.7
3,3/-diamino-4,4’-azoxyfurazan (1411 2-12.1 BM 9.1 8.3
Perdeuterated melamine!'4?] 0-5 BM 12.0 7.8
2,6-diethynylpyridine!!#?! 0.7-5.4 BM 13 4 /(fixed)
1H-tetrazole! 144 0.1-2 BM 13.6 4 (fixed)
2,5-furandicarboxylic acid!'4! 0.2-10.8 BM 21 4 (fixed)
1,5-diamino-1H-tetrazole 146! 1-40 BM 23 4 (fixed)
1,4-difluorobenzene 147! 4394 BM 27 4 (fixed)

Additionally, we inferred that the m—m stacking inter-
action of aromatic crystals may make a different influence
As shown in Table 5, we can find that
the bulk modulus of aromatic molecules is smaller than the

on bulk modulus.

non-aromatic molecules with similar size, representing that
This could be
attributed to-the weakened repulsion induced by m-orbital

aromaticity makes a smaller bulk modulus.

interaction.!14%-111 Besides, the softening of the repulsive
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wall in aromatic species makes the extra stabilization and
lower bulk modulus for aromatic molecular crystals. 141521
It is worth noting that para-xylene has a smaller bulk modulus
of 3.5 GPa, which may be attributed to the C-H- - - 7 interac-
tion between methyl and adjacent benzene ring, in addition
to m—7 stacking interaction of benzene rings.!13%:153:154] The
different bulk modulus of cocrystals can also illustrate the in-
fluence of molecule size and 7 stacking interaction. For ex-
ample, naphthalene-octafluoronaphthalene (7.1 GPa)['33! and

Y351 have the sim-

anthracene-octafluoronaphthalene (7.2 GPa
ilar bulk modulus with naphthalene but C,H;-C¢Hg have a
small bulk modulus (2 GPa)[!?°! than benzene. This is because
that octafluoronaphthalene has a similar size with naphthalene,
anthracene has a larger size and 7 stacking interaction that al-
most cancel the influence of each other, and acetylene has a

small size than benzene that makes a small bulk modulus.

2.5. Typical ionic crystals

For comparison, we also list some bulk moduli of ionic
crystals. Ionic crystals normally consist of Coulomb interac-
tion, which has an inverse-square relationship between the in-
teraction strength and interaction distance. The different de-
gree of strength attenuation with interaction distance between
Coulomb interaction and van der Waals interactions®?! makes
the different correlation between crystal structure and bulk
modulus. For example, the bulk moduli of alkali halides rep-
resent a negative correlation with the atomic radius as shown
in Table 6,151 while rare-gases solids represent a positive cor-
relation. We can also find that most of the ionic crystals have
a large By with a Bj, between 4 and 6, indicating a dense struc-

ture and low compressibility of ionic crystals.

Table 6. Bulk modulus of typical ionic crystals.

Name Pressure range (GPa) EOS & Model By (GPa) 36
LiIl1%] 0-40 H11U50 17.3 5.56
LiBrl!%! 0-40 H11 23.5 5.23
LiC1!153] 0-40 HI11 29.7 4.59
LiFl1%3] 0-40 H11 66.5 430
Nal !53] 0-40 Hl11 14.9 5.58
NaBrl153] 0-40 HI11 19.5 5.29
NaC1!153] 0-40 H11 23.7 4.81
NaFU55] 0-40 Hl11 46.5 4.64
K1l153] 0-40 H11 11.5 5.58
KBrl!53! 0-40 H11 14.6 5.33
KC1H153] 0-40 Hl11 17.4 493
KEU33] 0-40 HI11 30.2 4.82
RbI!153] 0-40 H11 10.5 5.76
RbBrl!53] 0-40 H11 132 5.57
RbC1153] 0-40 H11 15.6 5.29
RbFU53] 0-40 H11 26.7 5.27
Cs[ 11531 0-40 Hl11 11.9 5.93
CsBrl153] 0-40 H11 14.3 5.80
CsC11151 0-40 H11 16.7 5.58
Phase B1 KBrl!571 0-2.3 Vinet 14.2 5.5 (fixed)
Phase B2 KBr!!%7] 0-227 Vinet 13.8 5.65
Phase B1 KC11%7] 0-2.6 Vinet 17.1 5.5 (fixed)
Phase B2 KC1!157] 0-233 Vinet 17.4 5.63
NH, 11381 1.3-68 BM 18.8 422
Sb, S5 159 0-10 BM 26.9 7.9
Sb, S5 11001 0-5 BM 272 6 (fixed)
Sb, 8311601 0-5 BM 65 4 (fixed)
SbySe; 1011 0-51 BM 30 6.1
Bi,S3 1162 0-10 BM 36.6 6.4
Bip S5 1163 0-50 BM 38.9 5.5
B-Ba(OH), 1641 0-8.1 BM 35 12
MgO!163] 0.8-52.2 BM 160.2 3.99
CeQ, 1160] 0-40 Birch 230 4.0
CalrOs3-type Al,03 1671 120-180 BM 249 4 (fixed)

3. Conclusion

Generally, molecular crystals exhibit lower bulk moduli

compared to ionic crystals. Rare-gas solids have the simi-

lar bulk modulus and compressibility with organic crystals,
which should be taken into consideration in the high-pressure

experiment of organics when using the rare-gas as pressure
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transition medium. Analysis of molecular crystals reveals a
correlation between bulk modulus and molecular size, with
hydrogen bonding interactions showing measurable influence
on bulk modulus. Although dipole moment and stacking in-
teractions also contribute to bulk modulus, these factors ap-
pear secondary to molecular size and hydrogen bond in most
molecular crystal systems. This review aims to provide foun-
dational insights for establishing the relationship between bulk
modulus and crystal structures. The quantitative relation be-
tween the bulk modulus and the size of molecules as well as
the molecular interactions needs to be investigated in the fu-
ture.
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