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We report results of a molecular dynamics study of liquid glycerol at the experimental density and
at a series of elevated densities corresponding in our model to pressures of up to 0.7 GPa. We find
that the degree of hydrogen bonding increases with increasing pressure over the range studied, and
that the width of the hydrogen bond angle distribution increases with increasing pressure. The
relevance to the experimental finding by Castkal. [R. L. Cook, H. E. King, C. A. Herbst, and D.

R. Herschbach, J. Chem. PhyK)0, 5178 (1994] that the fragility of glycerol increases with
increasing pressure is discussed. 1897 American Institute of Physid§0021-960607)50734-3

I. INTRODUCTION ergy barrier in the materidf The viscosity of fragile glass-
formers, such as-terphenyl, shows a highly non-Arrhenius
Glycerol (CHLOHCHOHCH,0OH) has been the subject temperature dependence, indicating a broad distribution of
of considerable and long-standing scientific inteféslt is  energy barriers. Intermediate glass formers fall between
an excellent glass former, and has been extensively studiaflese limits on an “Angell plot” of shear viscosity) vs
experimentally* in connection with attempts to understand 1/T. At ambient pressure glycerol is an intermediate glass
the nature of the glass transition. Glycerol is used in naturgormer. Cooket al? report that glycerol becomes more frag-
as a cryoprotectantaind has been the focus of study by re-ile with increasing pressure, and point out that this behavior
searchers in cryopreservatibrin addition, the presence of is consistent with a decrease in hydrogen bonding in glycerol
three hydroxyl groups per molecule makes glycerol a parwith increasing pressure. That hydrogen bonding in glycerol
ticularly rich and complex system for the study of hydrogen-would decrease with increasing pressure seems reasonable,
bonded fluids. Root and Stillinger have studied glycerol bysince it is know® that in water hydrogen bonding decreases
molecular dynamics simulation of small syste® mol-  with increasing pressure. However, Marzkeall® inter-
ecules, focusing on the structure of the liquid and amor- preted high pressure NMR chemical shift data for glycerol as
phous solid and the effects on the amorphous solid structuréndicating an increase in hydrogen bonding with increasing
of energetic changes such as might accompany nonphot@ressure. This also seems plausible. Crystalline glycerol is
chemical hole burnin§. Benjamin and co-workefshave  fully hydrogen bonded, with each molecule participatiag
used MD simulation to study scattering off liquid glycerol donop in exactly three hydrogen bondsIn the liquid each
surfaces, in conjunction with experimental studies bymolecule participates in fewer than three intermolecular hy-
Nathanson and co-worket8.In this paper we report a mo- drogen bonds. In glycerol, unlike water, the crystal phase is
lecular dynamics investigation of hydrogen bonding in liquiddenser than the liquid phase. Thus, one would expect that
glycerol and of the effects of pressure on the hydrogen bondaydrogen bonding in glycerol would increase with increasing
ing. pressure, at least up to the crystal density. In the present
The complex nature of glycerol, which makes it such awork we explore the effect of pressure on structure and hy-
fascinating subject for research, also makes it difficult todrogen bonding in liquid glycerol and suggest a possible
simulate. The existence of long- and short-ranged forces angsolution to this apparent conflict.
a large variety of possible molecular conformations leads to
important dynamics on a variety of timescales. The developy. METHOD
ment of methods for handling multiple time scales accurately
and efficiently, in particular the r-RESPA methtldnakes it A. General
possible to study a system as complex as glycerol with much  The system studied consists of 256 glycerol molecules in
larger system sizes and longer timescales than was prevéi cubic box with periodic boundary conditions. The system
ously possible. Computer simulation is how a powerful toolwas studied in the microcanonical ensemble at a series of
for the study of structure and dynamics in glycerol. fixed densities, with the average temperature approximately
The study is motivated in part by the experimental work298 K. At ambient pressure this is in the normal liquid re-
of Cook et al,'?> who studied the fragility of glycerol and gion, since for glycerol ,,=291 K andTy~190K at 1 atm.
other glass formers as a function of pressure. Fragility is @t higher pressures the liquid is somewhat supercooled,
concept introduced by Angéfito classify glass formers. In since T,, increases with increasing pressure. Long-range,
strong glass-forming materials, such as network glasses, th#hort-range, and intramolecular forces were treated on their
viscosity exhibits a nearly Arrhenius dependence on temrespective time scales using r-RESPACoulomb forces
perature, indicating the predominance of a characteristic erwere treated by Ewald summation.
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TABLE |. Lennard-Jones parameters for potential. gllAt~ eiL4At/2[ eiL3&3/2[ gil20t/2
Pair &;j (kcal/mol) o (R) X[eiL16tllzeiLostleiL1311/2]nl
OH 0.09 1.80 iL 58t /21np mil 38tg/2 N5 il 4AL2
(0]0) 0.26 2.80 xe ] e ] e ! (3)
HH 0.26 2.45 with
CH 0.09 2.81
cc 0.09 4.10 nyot;=dt,, (4)
CO (intra) 0.26 2.72
CO (inter) 0.26 3.50 n2§t2: 5t3, (5)
n35t3: At, (6)
and the Liouvillian given by
B. Potential o ) ) ) )
iL=iLg+iLq+ily,+ilg+il,. @

The potential used is that developed by Root and
Stillinger.” The model is fully flexible, with harmonic bond Here
stretches and bond bends. £&hd CH groups are treated in 3N P
X —

the united atom approximation. Hydroxyl hydrogens carry iLoZE et (8

fixed partial charges of 0.38, wheree is the magnitude of =1 ]

the electronic charge, while oxygen atoms carry charges of Ny g

—0.3&. Intramolecular Coulomb interactions are included, — j_,=>' — a'”"aa_, (9)
=1 Xj oJp;

except between atoms covalently bonded to each other. All
atom pairs interact via the Lennard-Jones potential except 3N
those covalently bonded to each other or to a common atom. iL,= E f_shorti’ (10)
We give the Lennard-Jones parameters here because the val- =1 ap;
ues of gj; for intramolecular and intermolecular CO pairs 3N
were inadvertently switched in the table of potential param- ., _ _ Nrecip d

|L3—j2l (12)

eters in the earlier publicationTable | gives the correct axj ap;j’

Lennard-Jones parameters, which were used in this work and -~

in the earlier work. Coulomb interactions were treated by diL,=S flongi 12
Ewald summation withv=0.22 A%, |K| na=1.3 A"1. The and | A apy (12

real-space contribution to the Ewald sum was truncated at
rew=13 A. Lennard-Jones interactions were summed ovelV )
all atoms. These parameters gave energies accurate [@N9€ parts as follows:

ith the intermolecular forces divided into short- and long-

(10°%). S g
fyhors — > 2 S(ry) = Vinter Tk1), (13
=1 =1 X]
1>k
C. rr-RESPA e
J
Reversible RESPA has been discussed in several recent {°"%=— 3 > [1—S(rg)] — vined i), (14
papers:218-21|n the present work we use four time scales: =1k @

that for intramolecular forces, short-range intermolecular ith th itching f _ . b
forces, long-range intermolecular forces, and the forces qu@/th the switching function given by

to the reciprocal-space part of the Ewald sum. The potential 1, rsrg,—\,
can be written as S(r)= 1+R2(2R—3), fo— N<T<T,, (15
V= Vintra+ Vinter+ Vrecip- (1) 0, r>re,

Here, Vinya includes bond stretching, bond bending, and in-where R=[r —(r.—\)]/A. The following RESPA param-
tramolecular LJ interactions, and the real-space part of theters must be optimized in this case: the time si¢épn;,
intramolecular contributions to the Ewald suii, in- N2, andng; and the short-range cutaff and healing length
cludes intermolecular LJ interactions and the real-space pait for each of the six types of atom pairs. In optimizing these
of the intermolecular contribution to the Ewald sum, and carparameters we required good energy conservation and stabil-
be rewritten ity, as measured by the quantiy

Lo < (BB
Vinter= 2 ;1 jgl Uinter(rij)- 2 R= m (16)

Viecip IS the reciprocal-space part of the Ewald sum, includ-We requiredR<0.007, which has been found to give good
ing both inter- and intramolecular contributions. We approxi-results®® As will be discussed below, however, we found
mate the propagator as that parameters that gave very good energy conservation

J. Chem. Phys., Vol. 107, No. 11, 15 September 1997



4352 L. J. Root and B. J. Berne: Effect of pressure on hydrogen bonding

nonetheless failed to give accurate results for the pressurgf the jth bond on moleculé. The LJ parameters; ando;
Accurate results for the pressure required somewhat largefre given above, and the prime on the second sum in the LJ
short-range cutoffs; for the Coulomb interactions than term indicates that atoms covalently bonded to each other or
were required for energy conservation. The optimized pato a common atom are excludede,, is just the Coulomb
rameters, which gav&®<0.007 and pressures that agreedcontribution to the potential energy, and is evaluated using
very closely with those calculated using the Verlet algorithm,Ewald summation as described above. We found that our
are as followsAt=0.066r ~3.2fs;n;=3; n,=4; n3=1; initial -RESPA parameters, which gave very good energy
for LJ interactions ;=2.50, A =0.650; for Coulomb inter-  conservation, nonetheless gave results for the pressure that
actions r,=6.2A, A=1.0A; for interactions between did not agree at all well with the Verlet results. The problem
charged atoms, which interact by both LJ and Coulomhyas found to be that with -RESPA the OH covalent bonds
forces, r. is given by the larger of the LJ and Coulomb were systematically shortened compared to their “actual”
cutoffs, with the corresponding used. These parameters |engths, as calculated by Verlet with a timestep equal to the
were found to give good results at all densities studied. Sincghortest -RESPA time step. The error in the bond length was
the box length varied by less than 3% over the entire densitynly «'(10™4), which gave an error of about 3% in the
range studied, it is not surprising that the same set of paranyond-stretching contribution to the pressure. However, be-
eters was good for all densities. With these parameters Wgause the pressure is a sum of large terms that add to give a
obtain a speedup with r-RESPA of a factor of 8 compared t&mall result, a fairly small error in one term gives a very
velocity Verlet. large error in the result. Thus the small error in the bond

In this work we have used the “force switching” ver- |engths resulted in pressures that differed from the Verlet
sion of r-RESPA. We also explored using the “energyresults by as much as a factor of 10. Calculating the OH
switching” technique introduced by Procacci and Bethe, bond lengths, and thus the pressure, correctly required in-
separating the potential energy rather than the force intereasing the short-range cutaff for the Coulomb interac-
short- and long-range contributions. For the present systefifons from 5 to 6.2 A. Stuaret al® report that the best
we had difficulty with the robustness of the algorithm usingresults are obtained with -RESPA when there is no system-
energy switching. Our difficulty was due to the fact that theatic difference in the directions of the forces evaluated on
switching function used, that given in E{L5) above, has different time scales. This appears to be the case in the
discontinuities in the second derivativer@t—)\ andrc. The present system as well—a |arger Short-range Coulomb cutoff
forces in the energy-switching algorithm involve the deriva-is required so that the attractive and repulsive Coulomb con-
tive of the switching function, and therefore the forces haveributions to the short-range part of the force are approxi-
discontinuities in slope at these points. The force-switchingnately balanced. Stuaet all® find that breaking the Ewald
version of r-RESPA is both simpler to code and less sensisum into short-range and long-range parts, rather than real-
tive to the switching function than the energy switching, andspace and reciprocal-space parts, yields a more efficient
is therefore to be preferred except in cases where the ener-RESPA algorithm. In our system this alternative breakup of
gies are needed at intermediate r-RESPA time stép#ghen  the Ewald sum yielded little speedup and did not improve
energy switching is used, a switching function with Continu-accuracy, so for convenience we used the real-space/
ous first and second derivatives at the endpoints should beciprocal-space breakup. With the larger short-range Cou-
used. lomb cutoffs used, the pressures calculated using r-RESPA
agree with those calculated using Verlet within a few per-
cent.

As a check on the behavior at elevated pressures of the

D. Evaluation of the pressure and compressibility

The pressure is given B$%°

P=(7), (17)  Ppotential used, we also calculated the compressibility. The
" isothermal compressibilityr is given by*
Wi
s 1 1/Bs=1IBr+TVy2ICy, (20)
p= \f‘/ ~av (18)  with the adiabatic compressibilitgs given by*
. . . 2N x> v .,
Here, kg is Boltzmann’s constant and is the volume of the UBs=(7)+ 3y kel + = 17 (6779, (21)
unit cell. The temperature function i8=2K/3Nkg, where B
K is the total kinetic energy. The viriap is given by where
Nm 8 18O oi\ 8 L& S o) o)
b=, > kb —p0)+> ¥ > 245”(J) X=g |2 2 Kby (207 =by™)
=1j=1 2= = rij J
N 12 6
12 o o
Jij ' Y ) Y
—485”(ﬁ) —Veoul: (19 +3i§l ,-21 (966”( ) ) 246.1( 3 +Veoul
Here,N,, is the number of molecules in the systemjs the (22

bond stretching force constant abff the equilibrium bond
length of thejth bond in each molecule, amd” is the length

and (86°?)=(?y— (). In the above expression for the
adiabatic compressibility we have taken advantage of the
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fact that the Coulomb contribution fpis simply equal to the TABLE Il. Simulation results for pressure and compressibility.

Coulomb contribution to the potential energy. The Ewald p— (am
sum therefor_e does not introduce_ any particular conjplica-dens(g,cc) T (K)° P (atm? P cald® P nunf
tion. Evaluation of the other contributions 8 and B+ is

messy but straightforward; expressions for the other quanti- 1258 —919+108 .

ties required are given in Allen and Tildesl&/The (classi- 1.28 298.1 38:39 4'8“0,6 5
) 1.29 299.8 48146 5.4x10 1.8X10

cal) value calculated foCy will be an upper bound on the 1 39 297 6 112329 9.5¢10-° 1.2%10°5

actual (quantum mechanicalvalue, since at 298 K the stiff  1.35 300.5 463876 6.4x10°° 1.1x10°°

intramolecular vibrations of glycerol will not be thermally 1.38 300.7 692167 5.5¢10°° 9.6x10°°

activated. Our calculated value fGx, is in fact substantially “Average

higher than the experiment'al valqe: Hoyvever, we find thabcaculated using Eq20).

the second term of Eq20) is negligible in any case—the c°Calculated using the values Bfat each density and the next lower density.
values of 85 and 87 are essentially identical. This is consis- “Experimental density at 298 K.

tent with experimerft—experimental values for the adiabatic

and isothermal compressibilities are identical to within the . . . .
ave a negative pressure, so this density was not studied

accuracy reported. Thus the error introduced by evaluatinﬁthher As mav be seen from Table II. however the model
Cy classically does not affect our results f6¢. We found . ’ y " L
gives a pressure of 1 atm at a density quite close to the

that the compressibility is subject to large fluctuations. How—ex crimental density. Table Il also shows the compressibilit
ever, the calculated compressibilities agreed fairly well Withaspcalculated from édZO) alona with a numerical gstimate y
numerical estimates of the compressibility and with experi- - ' 9
ment of the compressibility calculated from the pressures at each
' two adjoining densities. As discussed above, the error bars
E. Equilibration and run lengths on the calculated compressibilities are quite large, so the
@umerical estimate of the compressibility is more reliable.

obtained in previous work.The density was adjusted in The agreement between the calculated value and the numeri-
' al estimate is reasonable, given the uncertainty in the cal-

small increments by scaling the COM coordinates of eactf lated val h 5 | vallidor the isoth |
molecule, leaving intramolecular distances unchanged. Thgulated value. The experimental v r the isotherma

temperature was adjusted to 298 K by periodic rescaling Of;oi?)egessib_illij[yhof glyc:lerpl at 2?'5 °C _and 1d atm is 2.1
the translational, rotational, and internal velocities. Equili->< atm = the simulation results are in good agreement.

bration of total temperature, pressure, and translational, rotf;[he model also reproduces nearly quantitatively the experi-

tional, and internal temperatures was checked. Productioffént@lly ~observed decrease in  compressibility with
runs were 3000 time steps, or 9.7 ps, and all properties e)p_ressuré.

amined were well converged in that time. To check that the

system was not trapped in some atypical structure, we did the- Pair correlation functions

following: The sample at the highest density was heated in  The pressure dependence of the total pair correlation
stages over 5 ps to 500 K, run at 500 K for 12.9 ps, themynctions is difficult to sort out because of the difference in
cooled in stages over 8.7 ps to about 298 K, and rethe way intermolecular and intramolecular distances vary
equilibrated at 298 K over 36.5 ps. During heating and coolyith pressure. Intramolecular distances are essentially inde-
ing the density was adjusted so that the pressure stayed agandent of pressure. For the intermolecular pcfs, hydrogen
proximately constant throughout. After re-equilibration atpong |engths are independent of pressure, while other inter-
298 K a 3000-step production run was done. Results wergolecular distances scale roughly with the box lerigtiwe
essentially identical with those obtained before heating.  therefore calculated separately the intramolecular and inter-
molecular contributions to the pcfs. The intermolecular pcfs
11l. RESULTS AND DISCUSSION are given in Figs. 1 to 6. In Figs. 1 to 3, for atoms not
directly involved in hydrogen bonding, distances are plotted
in units of L. Intermolecular pair correlation functions for O
The system was studied at approximately 298 K at aand H atoms, which are involved in hydrogen bonding, are
series of densities, ranging from the experimental density o§hown in Figs. 4 to 6, with distances plotted in A. For clarity
1.258 g/cc to a density of 1.38 g/cc, which corresponds irresults are presented for only three of the densities studied.
our model to a pressure of about 0.7 GPa. Cebkl!?re-  The intermolecular pcfs show that the intermolecular peak
port that at this pressure the shear viscosjtys about 30 positions for peaks not involved in hydrogen bonding simply
times larger than that at ambient pressure. We felt that adcale withL. Peaks corresponding to hydrogen bonding are
higher densities, as dynamical processes become slower, spathanced at higher density, consistent with an increase in H
cial caution and perhaps special techniques would be résonding with pressure. This is confirmed by the H-bonding
quired in any simulation study. The highest density studiedanalysis, as reported below.
was lower than the crystal density, which is 1.394 g/cc. The  The intramolecular pcfs do not show substantial pressure
densities studied and the pressure calculated at each densitgpendence. Peak heights di+ 1.38 g/cc are consistently
are given in Table Il. At the experimental density the modelsomewhat smaller than thosedst 1.28 g/cc. This is simply

The system was started from an equilibrated structur

A. Pressure and compressibility
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FIG. 1. Carbon—carbon pair correlation functions for intermolecular pairs.FIG. 3. Carbon—oxygen pair correlation functions for intermolecular pairs.
Curves are labeled with their densities, in g/cc. Note “carbon atoms” areCurves are labeled with their densities, in g/cc. Note “carbon atoms” are
actually united atoms. actually united atoms.

due to the density difference—since the number of intramo¥ .=2.55 A; results withr,=2.6 or 2.65 A show the same
lecular neighbors is independent of density, the peak heightéends as those reported here. The same cutoff distance was
must be smaller at higher densities. The intramolecular OHppropriate at all densities, since hydrogen bond lengths did
pair correlation function is shown in Fig. 7, with distance not vary with pressure. We initially study all “bonds” with
plotted in units of A. The OH pcf shows essentially no O--H distance less than the cutoff. Figure 8 shows the
change in the degree of intramolecular H bonding with presO—-H--O bond angle distribution for intermolecular
sure, and this is confirmed by the study of H bonding re-“bonds” at each density. It is clear that linear hydrogen
ported below. In addition, the distribution of intramolecular bonds predominate, as they should, and that the distribution
hydrogen bond angles is essentially independent of pressuref bond angles is quite broad. Most significant, it is clear that
Thus no significant conformational changes are induced bhe width of the bond angle distribution increases with in-
pressure over the range studied. creasing density. We believe that this accounts for the in-
crease in fragility with pressure observed in Costkal’'s
experiment$—a broader distribution of bond angles means
a broader distribution of bond strengths, which leads to
The distance cutoff, (nonbonded ©-H distance for  greater fragility.
definition of a hydrogen bond was taken to be at the first  For further study of the hydrogen bonding we require a
minimum in the intermolecular OH pair correlation function more meaningful definition of a hydrogen bond. From study-
which fell in the range 2.55 to 2.65 A. We have takening bond angles as a function of time we determined that

C. Hydrogen bonding
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gOH(r)

06 1

04 |
04 | 1
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0.2 E

1 1 1 L L L L L 0 1 L L 1 2 L L

.
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riL (A

FIG. 2. Carbon—hydrogen pair correlation functions for intermolecular
pairs. Curves are labeled with their densities, in g/cc. Note “carbon atoms”FIG. 4. Oxygen—hydrogen pair correlation functions for intermolecular
are actually united atoms. pairs. Curves are labeled with their densities, in g/cc.
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FIG. 5. Hydrogen—hydrogen pair correlation functions for intermolecularFIG. 7. Oxygen—hydrogen pair correlation functions for intramolecular
pairs. Curves are labeled with their densities, in g/cc. pairs. Curves are labeled with their densities, in g/cc.

cutoffs for the hydrogen bond angl®-H--O anglg of ¢, for hydrogen bond lifetimes in water. Luzar and Chardler
=35° to 45° were reasonable for intermolecular hydrogerhave used a more precise measure of lifetime in their detailed
bonds, in that they included most bonds that stayed intact bugtudies of hydrogen bond kinetics in water.

excluded most that were breaking or never really formed. We  With the above criteria we calculated the average num-
have chosen to use the most conservative criterigp, ber of inter- and intramolecular hydrogen bonds at each den-
=35°, but results with¢.=40° or 45° parallel those pre- sity. We also defined a “single” hydrogen bond as an H
sented here. For intramolecular hydrogen bonds, which aratom that participates in only one, intermolecular, hydrogen
necessarily quite bent and strained, a cuigf=65° was bond, bonded to an O atom that participates in no more than
found to be appropriate. For calculating the hydrogen bondwo hydrogen bonds, with both intermolecular. These are the
lifetime we consider a bond to be formed when it exists withtypes of bonds that make up a strong hydrogen-bonded net-
r<r.and¢=< ¢ for three consecutive data sets, and brokenwork. Bonds that do not fit this definition of “single” bonds
when it is missing for three consecutive data sdbsta sets are considered to be “multiple” bonds. “Multiple” bonds
were recorded every ten time steps, or every 32.3 fs, so thresre necessarily fairly strained and weak. The average num-
consecutive data sets is about 0.1) gthe lifetime of each bers of the various types of bonds are given in Table Ill. The
bond is defined to be the time from when it is first formed tonumber of intermolecular hydrogen bonds is found to in-
when it's first broken. These criteria were determined fromcrease significantly with density. Both the number of
study of the hydrogen bond angles as a function of time!'single” bonds and the number of “multiple” bonds in-
Sciortino and co-workef8 have adopted a similar definition creases. The fractional increase in the number of multiple
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FIG. 6. Oxygen—oxygen pair correlation functions for intermolecular pairs.FIG. 8. Bond angle distribution for intermolecular hydrogen bonds. Curves
Curves are labeled with their densities, in g/cc. are labeled with their densities, in g/cc.
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TABLE Ill. Simulation results for hydrogen bonds: Average number of |\/. CONCLUSION
intermolecular, intramolecular, “single,” and “multiple” H bonds per mol-

ecule. See the text for definition of “single” and “multiple” bonds. We have used MD simulation with r-RESPA to study
liquid glycerol at a series of five densities ranging from 1.28
dens(g/cg ~ #inter  #intra  #"single”  # "multiple” to 1.38 gl/cc, corresponding to a pressure range of 38
1.28 1.63 0.08 1.48 0.12 +39 atm to 692% 67 atm, or from about atmospheric pres-
1.29 1.68 0.08 151 0.14 sure to 0.7 GPa. Over this pressure range we find that hydro-
1.30 168 0.09 1.50 0.15 gen bonding increases with increasing pressure. However,
1.35 1.79 0.09 1.60 0.15

both the width of the H-bond angle distribution and the frac-

tion of intermolecular H bonds that is “multiple(bifurcated

or trifurcated also increase with increasing pressure. These

results are consistent with the experimental results of Cook

et al,'? who find that the fragility of glycerol increases with

bonds is greater than that in the number of single bonds, simcreasing pressure. Those authors suggest that the increase

that weaker bonds account for a larger fraction of the hydroin fragility may be due to a decrease in hydrogen bonding.

gen bonds at higher density. This is consistent with the obWe find, however, that there is an increase in hydrogen

served broadening of the bond angle distribution at highebonding, but with a broader distribution of hydrogen bond

density. angles and thus of bond strengths. This increase in the range
The number of intramolecular hydrogen bonds is inde-of hydrogen bond energies would account for the observed

pendent of density. As discussed in an earlier pAperur  increase in fragility.

model an isolated glycerol molecule adopts a closed-up con-

formation which perr_nits it to form two intramolecular hy- kACKNOWLEDGMENTS
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