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The solution structure dert-butyl alcohol was investigated as a function of pressure and temperature using
high-resolution nuclear magnetic resonance (NMR) spectroscopy. Simulations of the solution structure were
undertaken using molecular dynamics and a simple phenomenological model describing clustering in liquid
tert-butyl alcohol. Chemical shifts, relaxation timég), and line widths (fwhm) of the CHand OH groups

were monitored over a pressure and temperature range-ufp.@kbar and from 297 to 423 K, respectively.
Simulations demonstrated a cyclic tetramer as the dominant structure in the liquid, with pressure having
negligible effects on the overall liquid structure. Temperature shifted the structural distribution and increased
the mole fraction of short linear chains in liquiert-butyl alcohol. The rotational correlation time determined
from the spin-lattice relaxation timeT;, and its pressure dependence is consistent with a cyclic structure for
liquid tert-butyl alcohol that is stable as a function of pressure. This is in contrast to earlier studies of methanol
in which pressure was determined to decrease hydrogen bonding and linear chain structures were predominant
in the liquid.

Introduction pressures up to 0.5 kbar. The observed chemical shifts are
sensitive to changes in their local chemical environments, and
Av the difference between the OH and &themical shifts can

- .. be used to correlate changes in the hydrogen-bond network of
Butyl alcohol can aggregate through hydrogen bonding, and it tert-butyl alcohol as a function of pressure and temperature.

has been in\{estigatgd as both a solid and a liquid u_sing VariOUSThe spin-lattice relaxation times of the methyl groupstenrt-
spectrc_)scoplc techniques. NMR has rev_ealed _det_auls about theoutyl alcohol were measured as a function of pressure and
dynamics and hydroggn-bondlng behavior of !|qtmjt—butyl temperature, and the activation energy for the thermally
alcohol and the'lnterestmg structural ponmorphlsm seenin low- controlled process of molecular relaxation was determined.
temperature solmbr_t-butyl_alcohol?*5 Temperature is typically . Using'H NMR measurements, one cannot distinguish among
the thermodynqm|c_ variable us_ed_ to investigate changes "Nall internal reorientations which contribute to the relaxation of
hydrogen bonding in self-associating molecules sucteds the tetrahedratert-butyl groupt4*>however, the overall activa-

:tuutgl ‘ilhcgZilt’ekr)]?t)ﬂ]esdsrgreeﬁa;oggiﬁsedp':]e:si'rrg':ﬁ;gﬁngﬁgition energy fortert-butyl rotation can be determined. The
y ydrog 9- 9 activation energy for the overall tumbling in liquiért-butyl

of butanol have been limited to binary systemstert-butyl alcohol has been re 16
. . ported to be38 kJ/mof16 and fortert-
alcohol/DO by NMR® and high-pressure IR studies of the butyl rotation 37.2 kJ/mol. The activation energy determined

Eﬁ;e.gcissth'gt'.grfgec)?# gfonde;(f[) ;ﬁzgr:argchoI%gisrﬁ:S:rero- in this investigation was lower than the literature values and
Investigati ydrog Ing Ve PO independent of pressure.

vided information about the solution structure in such soh&nts, L .
Molecular dynamic simulations were run at the pressure and

but they have been limited in number due to the complexity of temperatures corresponding to the experimental conditions. A
the experimental system. Consequertiyt-butyl alcohol has P . P 9 Xperim :
phenomenological model of aggregation which accounts for the

only been studied at atmospheric pressure as a function ofe uilibrium between hydrogen-bonded and free (non-hydrogen-
temperature. The main thrust of these earlier investigations was q ydrog . ydrog
bonded)tert-butyl alcohol molecules was used to interpret the

the low-temperature study of the structural polymorphism of experimental results relating to the solution structure as a

solid tert-butyl alcohol using NMR&:4 . .
In this investigation, pressure was used to explore the solution functlgn of pressure and temperature. The goal of .thls
structure oftert-butyl ,alcohol at various temperatures and to e>_<per|men_tal effort was to correlate the molecular s[mulatlons
alter the freezing point for the liquid/solid-phase transition. The with experimental hlgh-presgurg NMR results to gain a more
: fundamental molecular level insight into the structure of liquid

chemical shifts of the Citand OH groups of puréert-buty| rt-butyl alcohol and the effect of pressure and temperature

Icohol were examin ver an exten mperature ran n%e .
alcohol were examined over an extended temperature range a n this system.

Aggregation and association in alcohols have typically been
used to study hydrogen-bonding dynamics in solutiotest-
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were acquired on a Varian (VXR-300) 300 MHz pulsed NMR 1200
spectrometer with a 7.04 T superconducting magnet. The high-

pressure NMR spectra were obtained without sample spinning, | e oo — —

and a spectral resolution between 2 and 4 Hz was maintained 1000
over the pressure and temperature range studied. The high- I

pressure NMR cell utilized in this investigation has been | - w—ss—————

discussed in recent publicatiofsl’ The fused silica capillary
tubing used in the NMR cell construction was 108 i.d. with 800 -/‘/’_‘/*,_‘/x—/
an external diameter of 36@m. The spectra were obtained E

unlocked, which is possible due to the negligible field drift over b

the course of the experiment. Thert-butyl alcohol sample < 600 _/v’/'_/,llv/’/
was freeze-pump-thawed 5 times and then loaded into the

capillary, after which the capillary was sealed and pressurized.

Spin—Ilattice relaxation times were determined at the experi- ’W
mental temperature and pressure using the standard inversion 400 +

recovery sequencer—t—mr/2. From 8 to 16 variable time M
delays were used per sample, with a preparation time delay of

>5T; between each inversion recovery pulse sequence. The 200

L 5 S B S B S B S S B B

Ty values were determined from a nonlinear least-squares fit to 0 100 200 300 400 500 600
the exponential magnetization recovery. For these studies, the
pressure was measured using a calibrated pressure transducer Pressure (bar)

(Precise Sensors, Inc.) with a precisiordgd.7 bar. Temper- Figure 1. Plot of Av (Hz), the difference in the chemical shift between
ature was controlled te-0.1 K using the air bath controller on  the OH and CHgroup resonances tert-butyl alcohol, as a function

the NMR spectrometer and was calibrated using a referenceof pressure at®) 25.0, @) 50.0, @) 75.0, () 100.0, ®) 125.0, and
thermocouple. (O) 150.0°C, respectively. Solid lines are the least-squares fit to the

experimental data.

Results and Discussion of the nucleus. Qualitatively, one could state that an increase
in Av correlates with an increase in the deshielding of the OH
proton relative to that of the Gfjroups. Therefore, this proton
exhibits a change in its hydrogen-bonding environment. An
increase iMv could be related to an increase in the strength of
the hydrogen bond or an increase in the extent of hydrogen
bonding. The results in Figure 1 demonstrate that increasing
temperature tends to decrease the extent of hydrogen bonding
in tert-butyl alcohol. One would anticipate that increasing
Otert—buyl alooho) = T8 1 Oa + Oy + 0 + 0y + 05 (1) temperature would more readily disrupt hydrogen bonds in
solution. Increasing pressure at high temperature should have
whereos is the contribution from the bulk magnetic susceptibil- a large effect on the hydrogen-bond network of the solutions
ity, oa is the contribution from the anisotropy of the magnetic contributing to the larger slope av/0P)1) seen at higher
susceptibility for thetert-butyl alcohol moleculegyy is due to temperatures. The limited pressure range investigated in Figure
the van der Waals dispersion interactions,arises from the 1 is due to the low freezing temperature fert-butyl alcohol.
polarization of the solvent due to a permanent dipole moment As pressure increases at room temperatteesbutyl alcohol
in the molecule, oex represents the effective short-range solidifies and the signal quality degrades for the solid. We
exchange interactions, amd is the contribution from specific  limited the pressure range in our desire to investigstefor
interactions such as hydrogen bonding. the liquid phase. At higher temperatures, we continued to use
For thetert-butyl alcohol molecule, the CiHand OH groups the same pressure range for self-consistency.
will each experience their own shielding environment as seen  With tert-butyl alcohol, as for all liquids, one can freeze the
from eq 1. The difference between the shielding of the two sample by decreasing the temperature or by increasing the
groups can be related to the specific interactions in solution, pressure. The freezing of neat benzene has been reported by
os, mainly due to hydrogen bonding of the OH group. The Bull and Jonas as a function of pressure and needs to be
use of the chemical shift difference between the two groups, considered when using pure solvents with melting points near
Av (Hz), eliminates the nonspecific contributions that augment room temperature, especially in describing their solution dynam-
the nuclear shielding as a function of pressure and tempera-ics as a function of pressute.One can investigate the change
ture!121 One assumes that changes in pressure or temperaturén the freezing point fotert-butyl alcohol using high-pressure
affect these nonspecific contributions in a similar manner for 'H NMR line widths,v1> (fwhm), as a function of temperature.
resonances of both groups. Therefofe; can be used to  The results for two different pressures are shown in Figure 2.
qualitatively estimate changes in the hydrogen-bond network The narrow'H resonance of the CHgroups in the liquid

High-Pressure NMR. The nuclear shielding constant)(
is an absolute measure of the electronic distribution about the
nucleus and its effect on the observed magnetic moment of that
nuclei in the applied magnetic field, which is sensitive to a
molecule’s chemical structure and local solvation environment.
The nuclear shielding for a molecule can be related

in solution as a function of pressure and temperature. spectrum broadened significantly during the solid transition.
Figure 1 is a plot ofAv vs pressure at various temperatures Below its freezing point at 1 bar, 254, tert-butyl alcohol

for tert-butyl alcohol. As the temperature increasesy shows interesting structural polymorphism in the solid phase

decreases at constant pressure. At constant temperaure, as a function of temperature as reported in the literature.

increases with increasing pressure. The slop&{{oP)r) also However, our studies did not investigate this temperature

increases with increasing temperature. Similar observationsregion3# This investigation focused on freezing point85.4
have been reported for methanol and ethanol as a function of°C as a function of pressure. The vertical lines in Figure 2
pressurél21.22 Hydrogen bonding removes electron density represent the calculated freezing points from the literature for
from the vicinity of the nucleus, contributing to the deshielding tert-butyl alcohol at the two pressures for which line widths
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Figure 2. Line widths, Invy, of *H CH; groups (fwhm in Hz) vs . . . .
temperature for both liquid and solid phases@) Q.41 and ¥) 0.90 Figure 3. Proton (CH) relaxation times (In 7) vs reciprocal
kbar, respectively. Vertical lines are calculated freezing points from teémperature for both liquid and solid phases@)Q.16, (») 0.46, @)
the literature fortert-butyl alcohol at these pressurés. 0.68, and[1) 1.03 kbar, respectively. Solid lines are the least-squares

fit of eqs 7 and 8 to the experimental data.
are showr3 The figure clearly demonstrates that the line width

can be used to identify the freezing transition tert-butyl group (0.179 nm)y is the magnetogyric ratio for the protd,

alcohol. When the pure sample was rewarmed, the natbw g pjanck’s constant over2 and the spectral density function
line width was recovered with some hysteresis near the freezmgg( wo,Ti) is given by

point which most likely was due to the long equilibration time

needed for the liquid/solid transition. The proton OH signal in Yw,t) =[t/(1+w 21,2)] + [4r/(1 + 4o 21,2)] ()

the solid was much broader than the corresponding methyl ot ' o ! o

signal. This is consistent with a shorter effective correlation \here o), is the precessional frequency of the proton in the

time for the methyl group due to the ease of internal reorientation gpplied magnetic field. The time constagtappearing in eq 3
in the molecule, for the OH group hydrogen-bonding interactions g

would have to be broken. It is interesting that high-pressure
'H NMR can determine the phase transition for various T
thermodynamic conditions in such a facile manner.

The spin-lattice relaxation timesT;, for the CH groups in -~ wherer; is the rotational correlation time of the methyl group
tert-butyl alcohol as a function of pressure and reciprocal andr, is the correlation time for overall tumbling of thert-
temperature are presented in Figure 3. Our low-pressure (160butyl group. Because; is very much shorter tham,, the
bar) measurements match well with the data of Aksnes and correlation timer, is expected to be dominated by the methyl
Kimtys who have mad#; studies as a function of temperature  group correlation time;. The dipolar interactions between the

at 1 bar® The decrease if; as a function of pressure is similar  three methyl groups within the same molecule can be ap-
to the trend reported by Fiorito and Meister for other self- proximated as

associating liquid§. The primary molecular motions contribut- _

ing to the'H spin—lattice relaxation for theert-butyl alcohol 1T, "M = (27/10)¢*A%/r* %) g(w,,T,) (6)
molecule are from methyl group rotation and the overall

tumbling of the molecule. The dipotedipole interactions which ~ wherer* is the distance between the centers of the equilateral
contribute to the relaxation rate of the molecule can be expressedriangles formed by the hydrogens in the methyl groups (0.311

in whichr is the distance between the hydrogens in a methyl

c_1 = 71_l + 72_l %)

as intramethyl dipoledipole interactions (mli“‘fa*?Hs) and nm). In the extreme narrowing limiwer, << 1) the spectral
dipolar coupling between different methyl groupsTgt er-Chg) density function is simplified and upon substitution in eq 2 the
on the same molecule. The relaxation tirfgna—CHs js relaxation rate reduces to

dominated by the rotation of the methyl groups about thecC
bond, while the relaxation tim@;"e~CHs is dominated by  1/T, = (9/4)¢/ K%z, + (314)(*hIrO)r, + 140 A%z,

rotation of the entirgert-butyl group. ThelH relaxation rate (7)
Lcig(t:zrst;télé’t%/l alcohol is the combination of these relaxation Becguserz > 11~ 15, € 7 indicates that the relaxation rate
) 1/T; will be dominated byry.
4 intra-CHa inter—CHs Assuming that the molecular motions which contribute to the
1T =1m, + 1T, ) relaxation oftert-butyl alcohol are thermally activated, then the
correlation time has the form
where

7=1,exXpE/RT) 8)

intra—CHz _ A3 2.6
1Ty (8720)¢" Ao T 39@oTd]  (3) whereE, is the activation energy for the relaxation process. To
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TABLE 1: A Comparison of the Activation Energies (E,)
Determined for tert-Butyl Alcohol as a Function of Pressure

Ea
pressure experimental calculated regressed
(kbar) (kJ/mol) (kJ/mol) (kJ/moly
0.001 38.5 37.9
36.9
0.16 20.4+ 1.4 38.3 23.2
0.46 20.2+ 0.#
0.68 21.7+1.1¢ 22.8
1.03 21.8+2.#

J. Phys. Chem. A, Vol. 101, No. 50, 1999567

TABLE 2: Molecular Potential Function Parameters for

tert—BUtyl Alcohol; (ROH = 0.945 A, Rco = 1.43 A, Rcc =
1.53 A, DCOH = Dcco = 108.57, Dccc =112
site € (kcal/mol) o (A) q(le)
H 0.0 0.0 0.435
(6] 0.17 2.97 —0.700
tert-C 0.11 3.80 0.265
CHs 0.155 3.86 0.0

All the values in Table 1 are in reasonable agreement, but
the activation energies determined from the slopes of the high-

a E, values calculated using egs 8 and 9 based on the high-pressurégréisuréH NMR relaxation time measurements (T vs 17T
viscosity and molar volume data reported by Matsuo and Makita at 1 (K™*)) do appear to be lower than the values reported by Aksnes

and~200 bar?® ® E, values determined from the nonlinear regression
of eqs 7 and 8 using the experimentfal measurements$.E, value
reported by Margalit at 1 baf. 9 E, value reported by Aksnes and
Kimtys at 1 ba® ©€E, values calculated from the slope @f vs
reciprocal temperature using ef] 8

facilitate the comparison of the present experimental data with
the extant literature, we have determined the activation energy
using three different methods feert-butyl alcohol. First, the
activation energies for the relaxation process can be determine
from substituting eq 8 for botk, andz, and solving eq 7 using
a nonlinear least- squares technique with the experimental
relaxation times to solve for the activation energies. However,
the activation energies determined in this manner are not well
constrained because a proton NMR experiment cannot distin-
guish between the different internal rotational processes which
contribute to relaxation in thiert-butyl alcohol molecule. Only
the activation energy obtained forwhich should correlate with
the overall tumbling of the molecule at two different pressures
is presented in Table 1. Second, one can assume that th
relaxation process is thermally activated and an equation similar
to eq 8 can be used to describein this case
T, =T, exp(~E4/RT) (8)
Plotting InT; vs 1/T, one can calculate the activation energy
from the slope. These values are reported in Table 1 along
with the standard deviation of the slope. Note that the activation
energies forr, calculated from the nonlinear least-squares fits
and those obtained directly from the slope ofTinvs 1/T are
nearly the same. This is expected if1is dominated by the
single relaxation time,. Finally, the molecular correlation time
can be estimated by the Debye equation
= (VIRT)y 9)
which relates the viscosityy] and molar volume\() to the
correlation timet®
An increase in pressure that increases the bulk viscosity of
the solvent will decreasd;. A pressure increase will also
decrease the molar volume of the solvent, but the extent of the
decrease~0.30% over 200 bar at both 30 and 8D) is much
smaller than the increase in the bulk viscosity seen over the

and Kimtys and Margalit at 1 bar, which also appear in Table
1316 The activation energy determined by high-pressiite
NMR is comparable to that reported for pivalic acid (20.3 kJ/
mol) which exists as cyclic dime#. One could postulate from
these data that rotational relaxation tert-butyl alcohol is
controlled by small cyclic hydrogen-bonded aggregates. There
is evidence of cyclic trimers and cyclic dimers in solution studies
of alcohol aggregates based ¥hchemical shift measurements

OES a function of concentratidi=2® It is interesting to note that

ressure does not affect the activation energies, either those
measured experimentally or calculated based on the high-
pressure viscosity data. This implies that the geometry of the
aggregate must be able to achieve reasonably free rotation about
the C-0 bond axis even as the density (number of molecules)
increases. A cyclic hydrogen-bond structure could permit this
type of free molecular rotatio#?.

Molecular Dynamic Simulations and Equilibrium Cluster

Model. Simulations were performed dert-butyl alcohol using
a rigid model that treated the methyl groups as combined atoms.

ecause very little data was available on the pressure
temperature density behavior ofert-butyl alcohol, except near
standard conditions, it was necessary to run the simulations using
a constant pressure algorithm. Unfortunately, most molecular
models do an extremely poor job of reproducing the experi-
mental pressure at a given temperature and density so it was
necessary to recalibrate the parameters in the molecular potential
function fortert-butyl alcohol to at least reproduce the pressure
temperature density behavior near standard conditions. Starting
with Jorgensen’s OPLS potential faart-butyl alcohol3%31the
parameters were systematically varied until reasonable agree-
ment was found between the pressure calculated during a
molecular dynamics simulation and the experimental pressure
at the same conditions of temperature and density. An effort
was also made to simultaneously match the experimental value
of the enthalpy of vaporization.

The intermolecular interactions between different sitetean

butyl alcohol are described by a combination of Lennard-Jones
and Coulomb interactions of the form

a0

a\2 [0\
(ry) =4€ij[ o \n ] +

ij

+a + bij(rij — I
(10)

same pressure range at the same temperatures (52% and 39%l, rj > r¢, then the interaction vanishes. The parametgrs

respectively?® The activation energy estimated from the high-

andb; are chosen so that both the potential and the force vanish

pressure viscosity and molar volume data using eqs 8 and 9 isat the cutoff distance.. The value of the cutoff was set at 9.5

also included in Table 1. In Figure 3 at a constant temperature,
T, decreases with increasing pressure which is consistent with

A. For the OPLS model, each atom A is assigned a well depth
ea, a hard sphere radiusa, and a partial chargea. The

arguments based on both bulk and molecular level interpretationsparameters in the potential are then calculated from the

of the experimental data. The$gvalues were determined for
the CH; groups ontert-butyl alcohol. An apparent limit is

combining ruleseag = (eacg)2 andoag = (oa + 08)/2. The
final parameters used for the simulations described here are

reached at higher pressures due to the increasing incompresslisted in Table 2. The dihedral potential for rotations about the

ibility of tert-butyl alcohol under these conditions.

CO bond is given by Jorgenséh.From a short simulation at
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300.65 K and a density of 0.778 g/énthe model gave a A R A o T '
pressure of-11.2 bar, compared to the experimental value of 040F ] PT:%%%I;
~1 bar32 The enthalpy of vaporization, estimated from the £ 030
formulas3 & f
o 020
AHvapZ RT—U - PRV, (11) g 0.10
whereU, is the internal energy of the liquid, was 9.2 kcal/mol. 0.40
This value is substantially below the experimental value of about g
11 kcal/mol?? Because the agreement between the model and § 030¢
the experimental properties ¢ért-butyl alcohol is marginal, {:«) 020F
the results reported are expected to give only qualitative insights 3 :
into the behavior oftert-butyl alcohol over the range of = 010178
temperatures and pressures studied. 0.00 Lo ool 1 O =
Using this model, simulations were run at the temperature 0 5 10 N 5 20 25 5 10 N 15 20 25

pressure points of (323 K, 95.1 bar), (323 K, 532.9 bar), (423 _ o _ o
K, 100.0 bar), and (423 K, 542.6 bar). The temperature and Figure 4. Molecular dynamic SImu.Iatlons and equilibrium cluster
pressure were maintained using the Anderdense constant model oftt_art—buty_l alcohol as a function of pressure and temperature.
. 25 S Mole fraction of ring ©) and chain ) structure vs cluster sizé\j at

pressure-constant temperature glgo_ntfﬁﬁ. The rigid bond the noted temperatures and pressures. The symbols represent the MD
and angle constraints were maintained using a variant of the simulations and the solid and dotted lines represent the equilibrium
SHAKE algorithm, and the equations of motion were integrated cluster model fit to the ring and chain distributions.
using the velocity Verlet algorithm recast as a Gear 3-point
predictor-corrector3® Each simulation was run for a total of 12
50 ps using a 1.25 fs time step.

The simulations were used to analyze hydrogen-bonding

patterns intert-butyl alcohol. A hydrogen bond was defined 104
to have formed between twert-butyl alcohol molecules if the
alcohol proton on one molecule was within 2.5 A of the oxygen s

on the other molecule. The distance 2.5 A corresponds to the
location of the minimum after the first peak in the pair
distribution function between the oxygens and the alcohol
protons. Using this definition of a hydrogen bond, the
configurations generated by the simulation were broken up into
clusters of hydrogen-bondeert-butyl alcohol molecules. The 4 |
clusters were chosen by requiring that each molecule in a cluster
be hydrogen bonded to at least one other molecule in the cluster.
Each cluster was then further analyzed to determine the number 2 -
of alcohol protons that were not participating in a hydrogen
bond. If there were no free protons, then the cluster was
assumed to be forming a ring structure; if the cluster had one 0 —_———
or more free protons, then the cluster was assumed to be forming 0 5 10 15
a chain or branched chain structure. The result of this analysis Di 2

) > . istance (A)
was the mole fraction of molecules located in rings of digze
rn, and the mole fraction of molecules located in chains of size Figure 5. Plot of the pair distribution functiorg(r) O—H) as a function
N, cn, whereN represents the number of molecules in a cluster. of distance calculated from the molecular dynamics simulatiotefor
The results of these analyses for the four simulations are shownbUtyl alcohol at 323 K and 95.1 bar.

Y

in Figure 4. All four simulations show a sharp peak in the
distribution of rings centered at four molecules. Tiethen
decay rapidly with increasinty. The distribution of chains is
fairly broad and flat for the two simulations at 323 K, and most
of the clusters are forming rings with four to six molecules. At
higher temperatures, however, a significant number of short,
hydrogen-bonded chains also form. While the distributions
appear to be sensitive functions of temperature, the effect of
pressure is much less pronounced. The fact that most of the
clusters are forming rings itert-butyl alcohol contrasts the
behavior observed in simulations of methanol. For methanol
almost all the clusters were hydrogen-bonded chtins.

The picture oftert-butyl alcohol forming only small rings is
reinforced by the pair distribution function between the alcohol
hydrogen and the oxygen atom. The pair distribution function 0
calculated from the simulation at 323 K and 95.1 bar is shown K = exp[~N(uy — u3)/ksT] (12)
in Figure 5. The distribution function shows a sharp peak
centered at 1.7 A, corresponding to hydrogen bonding, and betweerN monomers and a chain of lengthby using the fact
another broad peak centered at 3 A. The second peakthat chains of different lengths in an equilibrium distribution
corresponds to the OH distance across the small hydrogen-must all be at the same chemical potential. The free energy

o

g(r) O-H (A)

bonded ring. The second peak is followed by a broad exclusion
zone from between 4 and 7 A. The small rings would be
oriented so that the methyl groups point out from the ring,
effectively screening the ring from interacting with other OH
groups, resulting in a low value for the pair distribution function
in this range.

To model the distributions of rings and chains, a simple one-
dimensional aggregation modeélused previously to model
hydrogen-bonded chains in methaiolvas generalized to
include the rings. This model is almost identical with one
' developed by Jacobsen and Stockmeyer to study-ghgin

equilibria in polymer solutiond The original aggregation

model derived the equilibrium constant
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per monomer in a cluster of sizé¢ is u3 and ) is the free
energy of an isolated monomer in the systemcylfs the mole
fraction of molecules that are in chains of sie it follows
that cy can be written as

Gy = NG’ exp[~Nug/ksT] (13)
For linear aggregates, it was further assumed that
Nug = —(N — LakgT (14)

wherea is a number that is independent Nf This formula

assumes that the free energy for forming a hydrogen bond is

the same for different size clusters. The factoNof 1 on the
right-hand side comes from the fact that there Are— 1
hydrogen bonds in a chain df monomers. Solving foe. and
substituting the result back into the expressiondegives

6y = Ne™ (15)

The value ofc; for a given value ofx can be found from the
normalization condition

<)

%chl

To generalize the model to include rings, it is necessary to

(16)

consider (i) the change in the number of hydrogen bonds that

occurs when a chain forms a ring, (ii) the decrease in entropy
caused by tying the two free ends of a chain into a ring, and
(iii) the steric factors that prevent the formation of very small
rings. The change in the number of hydrogen bonds is trivially
incorporated by noting that a ring dff monomers hasN
hydrogen bonds compared to the— 1 hydrogen bonds for
the same size chain.

The effect of closing the chain into a ring can be included
into the model by making use of a result from Jacobson and
Stockmeyef® They calculated that the equilibrium constant
between a system containing a chain of lengtland a ring of
sizeN and a system containing a chain of sMet+ N was of
the form

Cvl'n _
— BN 52

(17)
CM+N

whereB is a constant independent bf andN. This formula
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TABLE 3: Parameters Obtained from the Aggregation
Model for tert-Butyl Alcohol

simulation T (K) P (bar) o B o (g/cn?)
1 323 95.1 3.27 14.1 0.749
2 323 532.9 2.88 24.6 0.810
3 423 100.0 1.53 27.7 0.588
4 423 542.6 1.81 17.7 0.714

c1, which can then be used to evaluate the remaioingndry.
Although the normalization condition cannot be solved analyti-
cally, it is straightforward to findc; numerically.

This model was used to fit the distributiorey and ry
calculated from the simulations. The valueNfwas set equal
to four. The fitted distributions are also shown in Figure 4,
along with distributions obtained from the simulations. The
parametersx and B derived from the fits are summarized in
Table 3. The densitieg, calculated from the simulations are
also included. The parametBrdoes not exhibit any consistent
behavior as a function of temperature and pressure, although
all the values oB appear to be in the neighborhood of 20. The
o parameter does not behave consistently as a function of
pressure, but does show a consistent drop as the temperature is
increased. Part of the temperature dependence comes from the
fact thato. can be written as

_AGue
KsT

whereAGy is the free energy for forming a hydrogen bond.

The factor ofT in the denominator accounts for about half of

the drop ina. on going to higher temperatures. The remainder
can be accounted for by writingGpg as

o= (20)

AGug = AHyg — TASg (21)
whereAHpg andAS;g are the enthalpy and entropy of forming
a hydrogen bond. Previous studies on methanol showed that
both AHys and AS4s were negative and relatively insensitive
functions of density. If the same remains true fert-butyl
alcohol, then—AGug would decrease with increasing temper-
ature. However, the fact that bothand B appear to depend
on temperature and pressure suggests that fitting the chemical
shifts to a detailed aggregation model similar to that reported
previously for methanét is not feasible.

The simulations generally support the idea that ligisd-
butyl alcohol is dominated by the presence of small, hydrogen-
bonded rings of molecules. The distributions show only a small

assumes that the energy of forming a hydrogen bond is the samewumber of chains at lower temperatures, but a significant number

for both rings and chains and that the statistical properties of
the chain are Gaussian. It follows that the distributiqris
ry = BN 3N (18)

Finally, the effect of steric strain on small rings can be
included by assuming that the strain energy for rings less than
some sizelp is great enough so that no rings form and the
distributionry is essentially zero. For ring sizes greater than
or equal toNo, the strain energy is zero and the free energy for
forming a hydrogen bond in a ring is the same as for forming
a hydrogen bond in a chain. This assumption can then be
incorporated into the normalization condition

© 0

NZCNJFN%rN:l
= =No

For a given value oft andB, this equation can be solved for

(19)

of short chains appear at higher temperatures. The effect of
pressure on the distributions appears to be much smaller over
the range of pressures examined. The shift from rings to chains
is consistent with the changes iwv, because the appearance
of more chains corresponds to a relatively large increase in the
number of non-hydrogen-bonded hydrogens in the system.

Conclusions

This effort is the first high-pressure studyteft-butyl alcohol
investigating the effects of pressure and temperature on solution
structure for this molecule. Changes in the chemical shif) (
with pressure were larger at higher temperatures but smaller
than shifts seen inv values as a function of temperature. Line-
width studies oftert-butyl alcohol as a function of pressure
demonstrated that these are a sensitive determinant of the change
in the freezing point of the neat solvent as pressure increases.
As the phase-transition temperature increased with pressure, the
line width of the'H resonance for the GHyroup followed suit
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