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The solution structure oftert-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 times (T1), and line widths (fwhm) of the CH3 and OH groups
were monitored over a pressure and temperature range up to∼1.0 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 liquidtert-butyl alcohol. The rotational correlation time determined
from the spin-lattice relaxation time,T1, 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

Aggregation and association in alcohols have typically been
used to study hydrogen-bonding dynamics in solutions.tert-
Butyl alcohol can aggregate through hydrogen bonding, and it
has been investigated as both a solid and a liquid using various
spectroscopic techniques. NMR has revealed details about the
dynamics and hydrogen-bonding behavior of liquidtert-butyl
alcohol and the interesting structural polymorphism seen in low-
temperature solidtert-butyl alcohol.1-5 Temperature is typically
the thermodynamic variable used to investigate changes in
hydrogen bonding in self-associating molecules such astert-
butyl alcohol, but pressure can be used in a similar manner to
study the extent of hydrogen bonding. Pressure investigations
of butanol have been limited to binary systems oftert-butyl
alcohol/D2O by NMR6 and high-pressure IR studies of the
frequency shift in the OH band for 1-butanol.7 High-pressure
NMR investigations of hydrogen-bonding alcohols have pro-
vided information about the solution structure in such solvents,8-13

but they have been limited in number due to the complexity of
the experimental system. Consequently,tert-butyl alcohol has
only been studied at atmospheric pressure as a function of
temperature. The main thrust of these earlier investigations was
the low-temperature study of the structural polymorphism of
solid tert-butyl alcohol using NMR.3,4

In this investigation, pressure was used to explore the solution
structure oftert-butyl alcohol at various temperatures and to
alter the freezing point for the liquid/solid-phase transition. The
chemical shifts of the CH3 and OH groups of puretert-butyl
alcohol were examined over an extended temperature range and

pressures up to 0.5 kbar. The observed chemical shifts are
sensitive to changes in their local chemical environments, and
∆ν the difference between the OH and CH3 chemical shifts can
be used to correlate changes in the hydrogen-bond network of
tert-butyl alcohol as a function of pressure and temperature.
The spin-lattice relaxation times of the methyl groups intert-
butyl alcohol were measured as a function of pressure and
temperature, and the activation energy for the thermally
controlled process of molecular relaxation was determined.
Using 1H NMR measurements, one cannot distinguish among
all internal reorientations which contribute to the relaxation of
the tetrahedraltert-butyl group;14,15however, the overall activa-
tion energy for tert-butyl rotation can be determined. The
activation energy for the overall tumbling in liquidtert-butyl
alcohol has been reported to be∼38 kJ/mol3,16 and for tert-
butyl rotation 37.2 kJ/mol.3 The activation energy determined
in this investigation was lower than the literature values and
independent of pressure.
Molecular dynamic simulations were run at the pressure and

temperatures corresponding to the experimental conditions. A
phenomenological model of aggregation which accounts for the
equilibrium between hydrogen-bonded and free (non-hydrogen-
bonded)tert-butyl alcohol molecules was used to interpret the
experimental results relating to the solution structure as a
function of pressure and temperature. The goal of this
experimental effort was to correlate the molecular simulations
with experimental high-pressure NMR results to gain a more
fundamental molecular level insight into the structure of liquid
tert-butyl alcohol and the effect of pressure and temperature
on this system.

Experimental Section

Anhydroustert-butyl alcohol (Aldrich Chemical Co., Inc.)
was used without further purification or drying. All spectra
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were acquired on a Varian (VXR-300) 300 MHz pulsed NMR
spectrometer with a 7.04 T superconducting magnet. The high-
pressure NMR spectra were obtained without sample spinning,
and a spectral resolution between 2 and 4 Hz was maintained
over the pressure and temperature range studied. The high-
pressure NMR cell utilized in this investigation has been
discussed in recent publications.11,17The fused silica capillary
tubing used in the NMR cell construction was 100µm i.d. with
an external diameter of 360µm. The spectra were obtained
unlocked, which is possible due to the negligible field drift over
the course of the experiment. Thetert-butyl alcohol sample
was freeze-pump-thawed 5 times and then loaded into the
capillary, after which the capillary was sealed and pressurized.
Spin-lattice relaxation times were determined at the experi-
mental temperature and pressure using the standard inversion
recovery sequence,π-τ-π/2. From 8 to 16 variable time
delays were used per sample, with a preparation time delay of
>5T1 between each inversion recovery pulse sequence. The
T1 values were determined from a nonlinear least-squares fit to
the exponential magnetization recovery. For these studies, the
pressure was measured using a calibrated pressure transducer
(Precise Sensors, Inc.) with a precision of(0.7 bar. Temper-
ature was controlled to(0.1 K using the air bath controller on
the NMR spectrometer and was calibrated using a reference
thermocouple.

Results and Discussion

High-Pressure NMR. The nuclear shielding constant (σ)
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 to18-20

whereσB is the contribution from the bulk magnetic susceptibil-
ity, σA is the contribution from the anisotropy of the magnetic
susceptibility for thetert-butyl alcohol molecule,σW is due to
the van der Waals dispersion interactions,σE arises from the
polarization of the solvent due to a permanent dipole moment
in the molecule,σEX represents the effective short-range
exchange interactions, andσS is the contribution from specific
interactions such as hydrogen bonding.
For thetert-butyl alcohol molecule, the CH3 and OH groups

will each experience their own shielding environment as seen
from eq 1. The difference between the shielding of the two
groups can be related to the specific interactions in solution,
σS, mainly due to hydrogen bonding of the OH group. The
use of the chemical shift difference between the two groups,
∆ν (Hz), eliminates the nonspecific contributions that augment
the nuclear shielding as a function of pressure and tempera-
ture.11,21 One assumes that changes in pressure or temperature
affect these nonspecific contributions in a similar manner for
resonances of both groups. Therefore,∆ν can be used to
qualitatively estimate changes in the hydrogen-bond network
in solution as a function of pressure and temperature.
Figure 1 is a plot of∆ν vs pressure at various temperatures

for tert-butyl alcohol. As the temperature increases,∆ν
decreases at constant pressure. At constant temperature,∆ν
increases with increasing pressure. The slope ((∂∆ν/∂P)T) also
increases with increasing temperature. Similar observations
have been reported for methanol and ethanol as a function of
pressure.11,21,22 Hydrogen bonding removes electron density
from the vicinity of the nucleus, contributing to the deshielding

of the nucleus. Qualitatively, one could state that an increase
in ∆ν correlates with an increase in the deshielding of the OH
proton relative to that of the CH3 groups. Therefore, this proton
exhibits a change in its hydrogen-bonding environment. An
increase in∆ν 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
temperature would more readily disrupt hydrogen bonds in
solution. Increasing pressure at high temperature should have
a large effect on the hydrogen-bond network of the solutions
contributing to the larger slope ((∂∆ν/∂P)T) seen at higher
temperatures. The limited pressure range investigated in Figure
1 is due to the low freezing temperature fortert-butyl alcohol.
As pressure increases at room temperature,tert-butyl alcohol
solidifies and the signal quality degrades for the solid. We
limited the pressure range in our desire to investigate∆ν for
the liquid phase. At higher temperatures, we continued to use
the same pressure range for self-consistency.
With tert-butyl alcohol, as for all liquids, one can freeze the

sample by decreasing the temperature or by increasing the
pressure. The freezing of neat benzene has been reported by
Bull and Jonas as a function of pressure and needs to be
considered when using pure solvents with melting points near
room temperature, especially in describing their solution dynam-
ics as a function of pressure.10 One can investigate the change
in the freezing point fortert-butyl alcohol using high-pressure
1H NMR line widths,ν1/2 (fwhm), as a function of temperature.
The results for two different pressures are shown in Figure 2.
The narrow1H resonance of the CH3 groups in the liquid
spectrum broadened significantly during the solid transition.
Below its freezing point at 1 bar, 25.4°C, tert-butyl alcohol
shows interesting structural polymorphism in the solid phase
as a function of temperature as reported in the literature.
However, our studies did not investigate this temperature
region.3,4 This investigation focused on freezing points>25.4
°C as a function of pressure. The vertical lines in Figure 2
represent the calculated freezing points from the literature for
tert-butyl alcohol at the two pressures for which line widths

σ(tert-butyl alcohol)) σB + σA + σW + σE + σEX + σS (1)

Figure 1. Plot of∆ν (Hz), the difference in the chemical shift between
the OH and CH3 group resonances intert-butyl alcohol, as a function
of pressure at (b) 25.0, (9) 50.0, (2) 75.0, (1) 100.0, ([) 125.0, and
(O) 150.0°C, respectively. Solid lines are the least-squares fit to the
experimental data.
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are shown.23 The figure clearly demonstrates that the line width
can be used to identify the freezing transition intert-butyl
alcohol. When the pure sample was rewarmed, the narrow1H
line width was recovered with some hysteresis near the freezing
point which most likely was due to the long equilibration time
needed for the liquid/solid transition. The proton OH signal in
the solid was much broader than the corresponding methyl
signal. This is consistent with a shorter effective correlation
time for the methyl group due to the ease of internal reorientation
in the molecule, for the OH group hydrogen-bonding interactions
would have to be broken. It is interesting that high-pressure
1H NMR can determine the phase transition for various
thermodynamic conditions in such a facile manner.
The spin-lattice relaxation times,T1, for the CH3 groups in

tert-butyl alcohol as a function of pressure and reciprocal
temperature are presented in Figure 3. Our low-pressure (160
bar) measurements match well with the data of Aksnes and
Kimtys who have madeT1 studies as a function of temperature
at 1 bar.3 The decrease inT1 as a function of pressure is similar
to the trend reported by Fiorito and Meister for other self-
associating liquids.8 The primary molecular motions contribut-
ing to the1H spin-lattice relaxation for thetert-butyl alcohol
molecule are from methyl group rotation and the overall
tumbling of the molecule. The dipole-dipole interactions which
contribute to the relaxation rate of the molecule can be expressed
as intramethyl dipole-dipole interactions (1/T1intra-CH3) and
dipolar coupling between different methyl groups (1/T1inter-CH3)
on the same molecule. The relaxation timeT1intra-CH3 is
dominated by the rotation of the methyl groups about the C-C
bond, while the relaxation timeT1inter-CH3 is dominated by
rotation of the entiretert-butyl group. The1H relaxation rate
for tert-butyl alcohol is the combination of these relaxation
processes.3,24

where

in which r is the distance between the hydrogens in a methyl
group (0.179 nm),γ is the magnetogyric ratio for the proton,p
is Planck’s constant over 2π, and the spectral density function
g(ωo,τi) is given by

whereωo is the precessional frequency of the proton in the
applied magnetic field. The time constantτc appearing in eq 3
is

whereτ1 is the rotational correlation time of the methyl group
andτ2 is the correlation time for overall tumbling of thetert-
butyl group. Becauseτ1 is very much shorter thanτ2, the
correlation timeτc is expected to be dominated by the methyl
group correlation timeτ1. The dipolar interactions between the
three methyl groups within the same molecule can be ap-
proximated as

wherer* is the distance between the centers of the equilateral
triangles formed by the hydrogens in the methyl groups (0.311
nm). In the extreme narrowing limit (ωoτc , 1) the spectral
density function is simplified and upon substitution in eq 2 the
relaxation rate reduces to

Becauseτ2 . τ1 ∼ τc, eq 7 indicates that the relaxation rate
1/T1 will be dominated byτ2.
Assuming that the molecular motions which contribute to the

relaxation oftert-butyl alcohol are thermally activated, then the
correlation time has the form

whereEa is the activation energy for the relaxation process. To

Figure 2. Line widths, ln ν1/2 of 1H CH3 groups (fwhm in Hz) vs
temperature for both liquid and solid phases at (0) 0.41 and (1) 0.90
kbar, respectively. Vertical lines are calculated freezing points from
the literature fortert-butyl alcohol at these pressures.23

1/T1 ) 1/T1
intra-CH3 + 1/T1

inter-CH3 (2)

1/T1
intra-CH3 ) (3/20)(γ4lp2/r6)[g(ωo,τ2) + 3g(ωo,τc)] (3)

Figure 3. Proton (CH3) relaxation times (ln T1) vs reciprocal
temperature for both liquid and solid phases at (b) 0.16, (4) 0.46, (9)
0.68, and (0) 1.03 kbar, respectively. Solid lines are the least-squares
fit of eqs 7 and 8 to the experimental data.

g(ωo,τi) ≡ [τi/(1+ ωo
2τi

2)] + [4τi/(1+ 4ωo
2τi

2)] (4)

τc
-1 ) τ1

-1 + τ2
-1 (5)

1/T1
inter-CH3 ) (27/10)(γ4p2/r*6)g(ωo,τ2) (6)

1/T1 ) (9/4)(γ4p2/r6)τc + (3/4)(γ4p2/r6)τ2 + 14(γ4p2/r*6)τ2
(7)

τ ) τo exp(Ea/RT) (8)
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facilitate the comparison of the present experimental data with
the extant literature, we have determined the activation energy
using three different methods fortert-butyl alcohol. First, the
activation energies for the relaxation process can be determined
from substituting eq 8 for bothτ1 andτ2 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 thetert-butyl alcohol molecule. Only
the activation energy obtained forτ2 which should correlate with
the overall tumbling of the molecule at two different pressures
is presented in Table 1. Second, one can assume that the
relaxation process is thermally activated and an equation similar
to eq 8 can be used to describeT1 in this case

Plotting lnT1 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 forτ2 calculated from the nonlinear least-squares fits
and those obtained directly from the slope of lnT1 vs 1/T are
nearly the same. This is expected if 1/T1 is dominated by the
single relaxation timeτ2. Finally, the molecular correlation time
can be estimated by the Debye equation

which relates the viscosity (η) and molar volume (V) to the
correlation time.16

An increase in pressure that increases the bulk viscosity of
the solvent will decreaseT1. 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 50°C) is much
smaller than the increase in the bulk viscosity seen over the
same pressure range at the same temperatures (52% and 39%),
respectively.25 The activation energy estimated from the high-
pressure viscosity and molar volume data using eqs 8 and 9 is
also included in Table 1. In Figure 3 at a constant temperature,
T1 decreases with increasing pressure which is consistent with
arguments based on both bulk and molecular level interpretations
of the experimental data. TheseT1 values were determined for
the CH3 groups ontert-butyl alcohol. An apparent limit is
reached at higher pressures due to the increasing incompress-
ibility of tert-butyl alcohol under these conditions.

All the values in Table 1 are in reasonable agreement, but
the activation energies determined from the slopes of the high-
pressure1H NMR relaxation time measurements (lnT1 vs 1/T
(K-1)) do appear to be lower than the values reported by Aksnes
and Kimtys and Margalit at 1 bar, which also appear in Table
1.3,16 The activation energy determined by high-pressure1H
NMR is comparable to that reported for pivalic acid (20.3 kJ/
mol) which exists as cyclic dimers.26 One could postulate from
these data that rotational relaxation intert-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 on1H chemical shift measurements
as a function of concentration.27-29 It is interesting to note that
pressure 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-O bond axis even as the density (number of molecules)
increases. A cyclic hydrogen-bond structure could permit this
type of free molecular rotation.29

Molecular Dynamic Simulations and Equilibrium Cluster
Model. Simulations were performed ontert-butyl alcohol using
a rigid model that treated the methyl groups as combined atoms.
Because very little data was available on the pressure-
temperature-density behavior oftert-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 fortert-butyl alcohol,30,31 the
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 sites ontert-

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

If r ij > rc, then the interaction vanishes. The parametersaij
andbij are chosen so that both the potential and the force vanish
at the cutoff distancerc. The value of the cutoff was set at 9.5
Å. For the OPLS model, each atom A is assigned a well depth
εA, a hard sphere radiusσA, and a partial chargeqA. The
parameters in the potential are then calculated from the
combining rulesεAB ) (εAεB)1/2 andσAB ) (σA + σB)/2. The
final parameters used for the simulations described here are
listed in Table 2. The dihedral potential for rotations about the
CO bond is given by Jorgensen.30 From a short simulation at

TABLE 1: A Comparison of the Activation Energies (Ea)
Determined for tert-Butyl Alcohol as a Function of Pressure

Ea

pressure
(kbar)

experimental
(kJ/mol)

calculateda

(kJ/mol)
regressed
(kJ/mol)b

0.001 38.5c 37.9
36.9d

0.16 20.4( 1.4e 38.3 23.2
0.46 20.2( 0.4e

0.68 21.7( 1.1e 22.8
1.03 21.8( 2.4e

a Ea values calculated using eqs 8 and 9 based on the high-pressure
viscosity and molar volume data reported by Matsuo and Makita at 1
and∼200 bar.25 b Ea values determined from the nonlinear regression
of eqs 7 and 8 using the experimentalT1 measurements.c Ea value
reported by Margalit at 1 bar.16 d Ea value reported by Aksnes and
Kimtys at 1 bar.3 e Ea values calculated from the slope ofT1 vs
reciprocal temperature using eq 8′.

T1 ) T1′ exp(-Ea/RT) (8′)

τ ) (V/RT)η (9)

TABLE 2: Molecular Potential Function Parameters for
tert-Butyl Alcohol; (ROH ) 0.945 Å,RCO ) 1.43 Å,RCC )
1.53 Å,∠COH ) ∠CCO ) 108.5°, ∠CCC ) 112°

site ε (kcal/mol) σ (Å) q (|e|)
H 0.0 0.0 0.435
O 0.17 2.97 -0.700
tert-C 0.11 3.80 0.265
CH3 0.155 3.86 0.0

φij (r ij ) ) 4εij[(σij

r ij )
12

- (σij

r ij )
6] +

qiqj
r ij

+ aij + bij (r ij - rc)

(10)
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300.65 K and a density of 0.778 g/cm3, the model gave a
pressure of-11.2 bar, compared to the experimental value of
∼1 bar.32 The enthalpy of vaporization, estimated from the
formula33

whereUl is the internal energy of the liquid, was 9.2 kcal/mol.
This value is substantially below the experimental value of about
11 kcal/mol.32 Because the agreement between the model and
the experimental properties oftert-butyl alcohol is marginal,
the results reported are expected to give only qualitative insights
into the behavior oftert-butyl alcohol over the range of
temperatures and pressures studied.
Using this model, simulations were run at the temperature-

pressure points of (323 K, 95.1 bar), (323 K, 532.9 bar), (423
K, 100.0 bar), and (423 K, 542.6 bar). The temperature and
pressure were maintained using the Andersen-Noséconstant
pressure-constant temperature algorithm.34,35 The rigid bond
and angle constraints were maintained using a variant of the
SHAKE algorithm, and the equations of motion were integrated
using the velocity Verlet algorithm recast as a Gear 3-point
predictor-corrector.36 Each simulation was run for a total of
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
to have formed between twotert-butyl alcohol molecules if the
alcohol proton on one molecule was within 2.5 Å of the oxygen
on the other molecule. The distance 2.5 Å 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-bondedtert-butyl alcohol molecules. The
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
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
or more free protons, then the cluster was assumed to be forming
a chain or branched chain structure. The result of this analysis
was the mole fraction of molecules located in rings of sizeN,
rN, and the mole fraction of molecules located in chains of size
N, cN, whereN represents the number of molecules in a cluster.
The results of these analyses for the four simulations are shown
in Figure 4. All four simulations show a sharp peak in the
distribution of rings centered at four molecules. TherN then
decay rapidly with increasingN. 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 intert-butyl alcohol contrasts the
behavior observed in simulations of methanol. For methanol,
almost all the clusters were hydrogen-bonded chains.11

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
calculated from the simulation at 323 K and 95.1 bar is shown
in Figure 5. The distribution function shows a sharp peak
centered at 1.7 Å, corresponding to hydrogen bonding, and
another broad peak centered at 3 Å. The second peak
corresponds to the OH distance across the small hydrogen-

bonded ring. The second peak is followed by a broad exclusion
zone from between 4 and 7 Å. 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 model37 used previously to model
hydrogen-bonded chains in methanol11 was generalized to
include the rings. This model is almost identical with one
developed by Jacobsen and Stockmeyer to study ring-chain
equilibria in polymer solutions.38 The original aggregation
model derived the equilibrium constant

betweenNmonomers and a chain of lengthN by using the fact
that chains of different lengths in an equilibrium distribution
must all be at the same chemical potential. The free energy

∆Hvap) RT- Ul - PlVl (11)

Figure 4. Molecular dynamic simulations and equilibrium cluster
model oftert-butyl alcohol as a function of pressure and temperature.
Mole fraction of ring (O) and chain (0) structure vs cluster size (N) at
the noted temperatures and pressures. The symbols represent the MD
simulations and the solid and dotted lines represent the equilibrium
cluster model fit to the ring and chain distributions.

Figure 5. Plot of the pair distribution function (g(r) O-H) as a function
of distance calculated from the molecular dynamics simulation fortert-
butyl alcohol at 323 K and 95.1 bar.

K ) exp[-N(µN
0 - µ1

0)/kBT] (12)
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per monomer in a cluster of sizeN is µN
0 and µ1

0 is the free
energy of an isolated monomer in the system. IfcN is the mole
fraction of molecules that are in chains of sizeN, it follows
that cN can be written as

For linear aggregates, it was further assumed that

whereR is a number that is independent ofN. This formula
assumes that the free energy for forming a hydrogen bond is
the same for different size clusters. The factor ofN- 1 on the
right-hand side comes from the fact that there areN - 1
hydrogen bonds in a chain ofNmonomers. Solving forR and
substituting the result back into the expression forcN gives

The value ofc1 for a given value ofR can be found from the
normalization condition

To generalize the model to include rings, it is necessary to
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 ofN monomers hasN
hydrogen bonds compared to theN - 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
Stockmeyer.38 They calculated that the equilibrium constant
between a system containing a chain of lengthM and a ring of
sizeN and a system containing a chain of sizeM + N was of
the form

whereB is a constant independent ofM andN. This formula
assumes that the energy of forming a hydrogen bond is the same
for both rings and chains and that the statistical properties of
the chain are Gaussian. It follows that the distributionrN is

Finally, the effect of steric strain on small rings can be
included by assuming that the strain energy for rings less than
some sizeN0 is great enough so that no rings form and the
distribution rN is essentially zero. For ring sizes greater than
or equal toN0, 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

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

c1, which can then be used to evaluate the remainingcN andrN.
Although the normalization condition cannot be solved analyti-
cally, it is straightforward to findc1 numerically.
This model was used to fit the distributionscN and rN

calculated from the simulations. The value ofN0 was set equal
to four. The fitted distributions are also shown in Figure 4,
along with distributions obtained from the simulations. The
parametersR andB derived from the fits are summarized in
Table 3. The densities,F, calculated from the simulations are
also included. The parameterB does not exhibit any consistent
behavior as a function of temperature and pressure, although
all the values ofB appear to be in the neighborhood of 20. The
R 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 thatR can be written as

where∆GHB is the free energy for forming a hydrogen bond.
The factor ofT in the denominator accounts for about half of
the drop inR on going to higher temperatures. The remainder
can be accounted for by writing∆GHB as

where∆HHB and∆SHB are the enthalpy and entropy of forming
a hydrogen bond. Previous studies on methanol showed that
both∆HHB and∆SHB were negative and relatively insensitive
functions of density. If the same remains true fortert-butyl
alcohol, then-∆GHB would decrease with increasing temper-
ature. However, the fact that bothR andB appear to depend
on temperature and pressure suggests that fitting the chemical
shifts to a detailed aggregation model similar to that reported
previously for methanol11 is not feasible.
The simulations generally support the idea that liquidtert-

butyl alcohol is dominated by the presence of small, hydrogen-
bonded rings of molecules. The distributions show only a small
number of chains at lower temperatures, but a significant number
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 in∆ν, 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 study oftert-butyl alcohol
investigating the effects of pressure and temperature on solution
structure for this molecule. Changes in the chemical shift (∆ν)
with pressure were larger at higher temperatures but smaller
than shifts seen in∆ν 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 the1H resonance for the CH3 group followed suit

cN ) Nc1
N exp[-NµN

0/kBT] (13)

NµN
0 ) -(N- 1)RkBT (14)

cN ) Nc1
NeRN-R (15)

∑
N)1

∞

cN ) 1 (16)

cMrN
cM+N

) BN-5/2 (17)

rN ) BN-3/2c1
NeNR (18)

∑
N)1

∞

cN + ∑
N)N0

∞

rN ) 1 (19)

TABLE 3: Parameters Obtained from the Aggregation
Model for tert-Butyl Alcohol

simulation T (K) P (bar) R B F (g/cm3)

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

R ) -
∆GHB

kBT
(20)

∆GHB ) ∆HHB - T∆SHB (21)
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on going from a liquid to the solid. Over this same pressure
range, the1H resonance of the OH group broadened and
decreased as the liquidtert-butyl alcohol solidified. Some
hysteresis was seen for the transition point which was due to
the slow equilibrium process at the solid/liquid phase transition.
The peak-width behavior for the OH group is most likely due
to the hydrogen bonding of this group increasing the relaxation
rate of the proton, which broadens the NMR signal.
Results from the high-pressure NMR investigation oftert-

butyl alcohol demonstrate that∆ν is dominated by temperature
effects which reflect the extent of the hydrogen-bond network
through an apparent decrease in hydrogen bonding with increas-
ing temperature. The relaxation times shown as a function of
pressure and temperature in Figure 3 qualitatively follow the
∆ν results fortert-butyl alcohol. At higher temperatures, the
hydrogen-bonding network (density) decreases and the relax-
ation time would be expected to increase. At constant temper-
ature, as pressure increases the hydrogen-bond network (density)
should increase and the relaxation time should decrease ac-
cordingly. Simulations of cluster equilibrium as a function of
pressure and temperature illustrate the role of temperature in
decreasing the mole fraction of cyclic clusters and increasing
the number of free protons, while pressure appears to have a
negligible effect over the range investigated. The lack of a
pressure dependence on the activation energy determined from
theT1 measurements appears to support the molecular dynamics
simulations in which the aggregates in solution are dominated
by cyclic tetramers. Joarder et al. have reported cyclic hexamers
in liquid tert-butyl alcohol.39 While in Figure 4 our simulations
show a small mole fraction of cyclic hexamers, it is clear that
the dominant form is a cyclic tetramer. However, Joarder’s
analysis did not consider the possibility of cyclic structures other
than hexamers.
Analysis of the T1 values does not give any detailed

information on cluster size, but does reveal that the activation
energy is relatively insensitive to pressure. This is consistent
with the results of the molecular dynamics simulations, which
suggest that the distributions of chains and cyclicn-mers are
also insensitive to pressure and that the environment of thetert-
butyl alcohol molecules does not change drastically as pressure
is increased. The overall combination of high-pressure NMR
with molecular dynamic simulations of the solution structure
of neattert-butyl alcohol gives one a better understanding of
the role of temperature and pressure on the solution physics
and hydrogen bonding of this molecule.
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