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Microcanonical variational transition-state theory was used to determine the entropies of
activation for hydrogen-bond cleavage reactions leading to CH3CN � ROH2

� in a series of
acetonitrile-alcohol proton-bound pairs (CH3CN)(ROH)H

� (where R � CH3, CH3CH2,
CH3CH2CH2, and (CH3)2CH). In each case, the dissociation potential surface was modelled at
the MP2/6-31 � G(d) level of theory. The dissociating configurations having the minimum
sums-of-states were identified in each case and the resulting entropies of activation were
calculated. Combined with previous work on the competing reaction leading to CH3CNH

� �
ROH, the results permitted the determination of the �(�S‡) in each proton-bound pair. For the
(CH3CN)(CH3OH)H

� and (CH3CN)(CH3CH2OH)H
� proton-bound pairs, the entropies of

activation for the two dissociating channels are essentially the same [i.e., �(�S‡) � 0], while
�(�S‡) for the propanol-containing pairs ranged between 40 and 45 J K�1 mol�1. The latter
non-zero values are due to a combination of the location of the dividing surface in each
dissociation and the rapidity with the frequencies of the vanishing vibrational modes go to
zero as they are converted to product translations and rotations during the
dissociation. (J Am Soc Mass Spectrom 2005, 16, 2039–2044) © 2005 American Society for
Mass Spectrometry

The competing dissociation of electrostatically
bound molecular pairs forms the basis of the
kinetic method [1, 2] for determining a variety of

thermochemical parameters such as proton affinities
and electron affinities. When considering the dissocia-
tion of a proton-bound molecular pair (A)(B)H� into the
products AH� � B and BH� � A, both the competing
energetic and entropic factors must be considered. For
simple systems that do not have reverse energy barriers
in their dissociation reactions, the locations and charac-
teristics of the effective transition states for the compet-
ing pathways determine their relative rate constants.
The effective transition-state in each reaction is really a
dividing surface along the reaction coordinate that
represents a kinetic bottleneck for the dissociation reac-
tion. Identifying this key molecular configuration al-
lows the activation energy, Ea, and entropy, �S‡, to be
determined. It has been assumed for simple systems
that these variational transition states lie at large intra-
cluster separations and thus are product-like. Compar-
ing two such competing reactions results in �(�S‡)
being similar to �(�S) [2–7], where �S is the thermody-
namic reaction entropy change for each of the two
competing bond scission reactions. This convention has

been borne out by several theoretical treatments of the
kinetic method. Ervin [8] presented a rigorous analysis
of the kinetic method using RRKM theory, placing the
effective transition states at the centrifugal barriers to
the dissociations. This resulted in �(�S‡) always being
greater than �(�S) by �6 J K�1 mol�1. Drahos and
Vekey [3] also assumed very late transition states in
their modeling of the kinetic method (and thus �(�S‡)�
�(�S)).
In a previous publication [9], we employed microca-

nonical variational transition-state theory (�-VTST) to
model the unimolecular dissociation of a series of
proton-bound acetonitrile-alcohol pairs (CH3CN)
(ROH)H� (where R� CH3, CH3CH2, CH3CH2CH2, and
(CH3)2CH) into CH3CNH

� and ROH (Channel A) to
arrive at the entropy of activation, �S‡. The �S‡ was
found to decrease from 70 J K�1 mol�1 for
(CH3CN)(CH3OH)H

� and 39 J K�1 mol�1 for
(CH3CN)(CH3CH2OH)H

� to 6 and 12 J K�1 mol�1 for
(CH3CN)(CH3CH2CH2OH)H

� and (CH3CN)((CH3)2
CHOH)H�, respectively. This difference in �S‡ was not
carried over to the �S for the four dissociation reactions,
which were all similar and between 90–100 J K�1 mol�1.
In the present study, we have modelled the competing
dissociation channel into CH3CN and ROH2

� (Channel
B) to determine explicitly �(�S‡) and �(�S). As will be
seen below, the dynamics of the two channels are quite
different necessitating a different computational approach
for Channel B than was used for Channel A [9, 10].
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Computational Procedures

All ab initio molecular orbital calculations were carried
out using the Gaussian 98 suite of programs [11] and
geometries were optimized and harmonic vibrational
frequencies were calculated, at MP2/6-31�G(d) level of
theory. All vibrational frequencies were scaled by the
factor of 0.9434 recommended by Scott and Radom [12]
before use.
The reaction paths corresponding to Channels A and

B in each proton-bound pair do not have formal reac-
tion barriers and so discrete transition states cannot be
obtained with ab initio MO calculations. The effective
dividing surface for the reactions was located with
variational transition-state theory (VTST) according to
the following expression [13–16]:

k�E� �
�

h

N‡�E, E0, R∗�
��E�

where k(E) is the unimolecular rate constant at an ion
internal energy, E, � is the reaction symmetry number,
h is Planck’s constant, E0 is the 0 K activation energy,
�(E) is the reactant ion density of states, and N‡(E,E0,R*)
is the sum-of-states for the fragmentation bottleneck
located at an intra-cluster separation R*. The transition
states were located at the intra-cluster separation, R*,
that has the lowest sum-of-states and thus the mini-
mum reaction flux. The density and sum-of-states were
calculated by the direct count method of Beyer and
Swinehart [17]. Over the course of the dissociation
reactions, six vibrational modes are converted into
product translations and rotations. Of these six modes,
the lowest frequency mode corresponded to an intra-
cluster torsion mode and was treated as a free rotor in
the RRKM calculations [13], whilst the highest fre-
quency mode was the intra-cluster stretching frequency
representing the reaction coordinate for the cleavage of
the complex. All entropy values (thermodynamic and of
activation) were calculated at 600 K.

Results and Discussion

The proton-bound molecular pairs can undergo two
competing simple hydrogen bond cleavage reactions:

�CH3CN��ROH�H� ¡ CH3CNH
� �ROH

¡ CH3CN�ROH2
�

In our previous work on Channel A, the dissociation
reaction proceeded in a straight-forwardmanner, with the
two separating moieties simply getting farther apart over
the course of the reaction [9, 10]. In all of the four
optimized proton-bound pairs, the bulk of the positive
charge (�0.68) resides on the proton while acetonitrile
carries�0.10 charge and the remaining�0.22 being on the
alcohol. Breaking the HOO bridging hydrogen bond
means that there is a favorable interaction between pro-
tonated acetonitrile and the partial negative charge on the

hydroxyl group of the alcohol as the two moieties sepa-
rate. Because of this, an approximate method was used to
estimate the vibrational frequencies of the various molec-
ular configurations along the dissociation pathway for
each proton-bound pair. This involved assigning the nor-
mal modes of (CH3CN)(ROH)H

� to frequencies of either
one of the dissociation products CH3CNH

� or ROH
(common modes) or to one of the six modes that are
converted to translational and rotational degrees of free-
dom of the products (the vanishing modes) by comparing
their calculated atomic displacements. For the common
modes, the transition-state frequencies were chosen to be
the average of their values in the complex and in the free
product and, hence, were the same for every molecular
configuration in the dissociation (it was shown that this
assumption did not affect the resulting �S‡ values [9]. Of
the six vanishing modes, the lowest frequency mode was
a torsion mode and was treated as a free rotor in the
RRKM calculations [13], while the highest frequency
modewas the intra-cluster stretching frequency represent-
ing the reaction coordinate for the cleavage of the com-
plex. The four remaining frequencies were then scaled
according to the following equation [13, 18, 19]:

v′�R� � v�Req�e���R�Req�

where v=(R) is the value of the frequency at an intra-
cluster separation R, Req is the equilibrium hydrogen
bond distance and � is an adjustable parameter. This
equation is based on the assumption that the four
modes vanish exponentially to zero along the reaction
coordinate [18, 19].ÅTheÅparameterÅ�ÅwasÅdeterminedÅby
comparing the four vanishing frequencies of each mo-
lecular system with those calculated for the optimized
CH3CNH

�OROH structures having intra-cluster sepa-
rations of 5.0 and 8.0 Å. The four � values derived for
each of the four complexes dissociating by Channel A
[9]ÅareÅrelistedÅinÅTableÅ2ÅforÅcomparisonÅwithÅthe
Channel B results reported below.
During the dissociation of these proton-bound pairs

to form CH3CN and ROH2
� (Channel B), the alcohol

rotates with respect to the nitrile to form the configu-
rationsÅshownÅinÅFigureÅ1.ÅTheÅpartialÅchargesÅonÅthe
CH3 and OH2 groups of protonated methanol at an
NOH distance of 16.5 Å from CH3CN are �0.55 and
�0.42, respectively, virtually identical to those found in
free CH3OH2

�. The rotation of the protonated methanol
allows a more favorable ion–dipole interaction with the
acetonitrile moiety. Similar charge distributions are
encountered in the dissociating configurations for the
ethanol, n- and isopropanol-containing complexes with
the charge distribution in the protonated alcohol being
identical to that found in the free product. At long range
(11.0 Å), the ethanol group has rotated such that the
CH3CH2 group (�0.57 charge) now lies closest to
CH3CN. The charges are �0.59 and �0.40 on the C3H7
and OH2 groups of protonated n-propanol (at 12.0 Å)
while those on isopropanol (at 12.5 Å) are �0.58 and
�0.42, respectively. All of these configurations can be
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summarized as ion–dipole complexes between CH3CN
and the protonated alcohol.
Since the conformation of the system in Channel B

changes over the course of the dissociation, it was no
longer possible to employ the method outlined above
for estimating the vibrational frequencies for molecular
configurations along the reaction coordinate. Instead,
full geometry optimizations (and frequency analyses)
were required for all structures along the dissociation
pathways. The NOH bond was stretched in 0.5 Å
increments, held fixed at each point and the rest of the
geometric parameters optimized before performing vi-
brational frequency analyses. Geometry optimizations
were done on each structure beginning with the equi-
librium geometry and ending with the configuration at
an NOH bond separation of 17 Å for the
(CH3CN)(CH3OH)H

� and 13 Å for the ethanol, n- and
isopropanol-containingÅproton-boundÅpairs.ÅTheÅcalcu-
lated vibrational frequencies were then used to deter-
mine the configuration representing the minimum in
theÅsum-of-statesÅ(theÅeffectiveÅtransition-state,ÅTableÅ1)
and,Åtherefore,Å�S‡Å(TableÅ2).ÅDueÅtoÅtheÅrotationÅofÅthe

alcohol moiety, the fixed NOH bond distances pre-
sented above were not the smallest geometrical dis-
tances between the two separating moieties. Therefore,
the minimum distances (between acetonitrile and the
alkyl portion of ROH) were used in the subsequent
analysis.
The effective transition states for dissociation for

Channel B in these four proton-bound pairs were found
to lie at intra-cluster separations (R*) similar to those
observedÅforÅChannelÅAÅ(TableÅ2);Å13.7,Å7.5,Å7.4,ÅandÅ8.4
Å for (CH3CN)(CH3OH)H

�, (CH3CN)(CH3CH2OH)H
�,

(CH3CN)(CH3CH2CH2OH)H
�, and (CH3CN)((CH3)2

CHOH)H�, respectively. All the dissociation reactions
via Channel B had clear minima in the sum-of-states at
theÅ R*Å valuesÅ listedÅ inÅ TableÅ 2Å exceptÅ for
(CH3CN)(CH3OH)H

�. For this pair, the R* was taken at
aÅpointÅwhereÅ�S‡ÅhadÅconvergedÅ(FigureÅ2).ÅThese
effective transition states indicate that the dividing
surface for these reactions is situated near the products.
Phase Space Theory (PST), employing an ion/polariz-
ableÅatomÅmodelÅ[20],ÅplacesÅtheÅcentrifugalÅbarriersÅfor
these reactions at around 12 Å.
The �S‡ for the dissociation of (CH3CN)(CH3OH)H

�

via Channel B is 67 J K�1 mol�1, which is within error to
thatÅfoundÅforÅChannelÅAÅ(TableÅ2).ÅAÅsimilarÅresultÅis
obtained for (CH3CN)(CH3CH2OH)H

�. As a result, the
difference in �S‡ for the two competing dissociation
channels, �(�S‡), for both of these systems is approxi-
mately zero. Comparable Channel B �S‡ values were
determined for (CH3CN)(CH3CH2CH2OH)H

� and
(CH3CN)((CH3)2CHOH)H

�, 51 and 54 J K�1 mol�1,
respectively; while these Channel B values are similar to
those obtained for (CH3CN)(CH3OH)H

� and
(CH3CN)(CH3CH2OH)H

� they are significantly larger
thanÅthoseÅobtainedÅforÅChannelÅAÅ(TableÅ2).ÅSo,Åaccord-
ing to the present treatment, �(�S‡) for the competing
dissociations of the two propanol-containing proton-
bound pairs are not zero. It is worthwhile determining
the possible impact of using two different computa-
tional methods for Channels A and B. For example, if
we look at Channel A for (CH3CN)(CH3OH)H

�, the
approximate method based on fully optimized geome-
triesÅatÅR*Å�Å5ÅandÅ8ÅÅÅpredictedÅ�-valuesÅ(seeÅTableÅ2)
that led to a transition-state located at 7 Å. If we
optimize the structure at 7 Å, the resulting vibrational
frequencies give rise to similar �-values (0.49, 0.46, 0.21,
0.18 Å�1), and so this structure would also be the
transition-state in the fully optimized method, giving
rise to a similar �S‡. Obviously, agreement between the
two methods is better if the transition-state is near to the
two points optimized in the approximate method.
Two factors are at play in determining �S‡ for these

dissociation reactions. One is the location of the divid-
ing surface and the other is how “fast” the four vanish-
ing modes go to zero over the course of the dissociation
(as exemplified by the � values that can be derived from
eq 2). A dissociation in which the vibrational frequen-
cies go to zero rapidly with increasing separation of the
products, and for which the dividing surface lies close

Figure 1. MP2/6-31 � G(d) optimized geometries of the
(CH3CN)(CH3OH)H

� proton-bound pair at a series of
CH3CNOH

�O(H)CH3 bond distances.
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to the products will have a large �S‡ value. If the
dividing surface of this system moves towards the
reactant, the �S‡ value will drop since the values of the
four vanishing vibrational frequencies will become
more reactant-like. The � values for each dissociation

reaction and the location of the variational transition-
state,ÅR*,ÅareÅlistedÅinÅTableÅ2.ÅWhenÅtheÅtransition-state
frequencies for the four vanishing modes for each
channel in (CH3CN)(CH3OH)H

� and (CH3CN)
(CH3CH2OH)H

� are compared to their respective val-

Table 1. Vibrational frequencies used to determine �S‡ for the dissociation of the proton-bound pairs into CH3CN and ROH2
�. Intra-

cluster separations at the transition state are shown in parentheses

Harmonic vibrational frequencies (cm�1)

(CH3CN)(CH3OH)H
� 67, 80, 129, 147, 260, 329, 331, 517, 882, 908, 964, 1013, 1015, 1098, 1160, 1290, 1374,

1417, 1417, 1419, 1451, 1454, 1665, 1943, 2155, 2943, 2983, 3039, 3040, 3103, 3117,
3470

TS (13.7 Å) 8, 14, 14, 15, 253, 313, 313, 727, 791, 885, 909, 1020, 1020, 1128, 1241, 1379, 1422,
1436, 1436, 1439, 1441, 1637, 2090, 2942, 2991, 3032, 3032, 3126, 3133, 3364, 3453

(CH3CN)(CH3CH2OH)H
� 36, 51, 88, 125, 207, 251, 328, 329, 408, 512, 783, 790, 900, 950, 970, 1014, 1015, 1066,

1157, 1223, 1268, 1369, 1418, 1419, 1446, 1456, 1473, 1664, 2144, 2159, 2937, 2943,
2991, 3019, 3039, 3039, 3040, 3073, 3455

TS (7.5 Å) 11, 17, 20, 20, 169, 259, 314, 314, 356, 675, 738, 775, 884, 901, 934, 1020, 1020, 1092,
1195, 1273, 1340, 1380, 1388, 1435, 1435, 1440, 1452, 1463, 1635, 2091, 2933, 2943,
3012, 3018, 3033, 3033, 3034, 3095, 3364, 3459

(CH3CN)(CH3CH2CH2OH)H
� 33, 40, 86, 111, 121, 186, 225, 286, 328, 329, 434, 511, 746, 825, 864, 893, 903, 969,

1013, 1015, 1017, 1087, 1158, 1204, 1247, 1279, 1310, 1374, 1375, 1395, 1419, 1419,
1456, 1461, 1466, 1472, 1663, 2146, 2193, 2926, 2936, 2943, 2979, 2989, 3019, 3032,
3040, 3040, 3063, 3452

TS (7.4 Å) 6, 12, 20, 20, 119, 187, 221, 241, 314, 314, 395, 705, 721, 755, 862, 881, 884, 950, 1002,
1020, 1020, 1126, 1164, 1224, 1277, 1294, 1358, 1380, 1394, 1435, 1435, 1454, 1459,
1460, 1471, 1616, 2091, 2932, 2941, 2943, 2993, 2997, 3028, 3033, 3033, 3039, 3082,
3357, 3455

(CH3CN)((CH3)2CHOH)H
� 36, 47, 89, 116, 197, 219, 265, 329, 330, 352, 388, 449, 510, 706, 875, 898, 916, 920,

954, 1014, 1015, 1064, 1109, 1176, 1235, 1308, 1355, 1374, 1395, 1396, 1419, 1420,
1438, 1446, 1456, 1464, 1671, 2141, 2348, 2930, 2938, 2943, 2980, 3015, 3026, 3031,
3036, 3039, 3040, 3445

TS (8.4 Å) 8, 11, 19, 19, 161, 226, 264, 314, 314, 343, 350, 424, 590, 731, 854, 884, 889, 914, 922,
1020, 1020, 1073, 1152, 1192, 1302, 1346, 1380, 1387, 1395, 1430, 1436, 1436, 1441,
1453, 1460, 1619, 2091, 2928, 2932, 2943, 3010, 3013, 3019, 3031, 3033, 3033, 3039,
3357, 3459

Table 2. Dividing surface location, R*, � parameters, �S‡ and �S for Channels A and Ba

(CH3CN)(ROH)H
�

CH3CNH
� � ROH (A) CH3CN � ROH2

� (B)

�(�S)‡ �(�S)� (Å�1) R* �S‡b �Sc � (Å�1) R* �S‡b �Sc

R � CH3 0.46 7.0 70 � 8 92 0.17 13.7 67 90 3 � 11 2
0.44 0.14
0.20 0.18
0.20 0.19

R � CH3CH2 0.27 6.5 39 � 4 103 0.20 7.5 43 100 �4 � 7 3
0.31 0.19
0.25 0.25
0.25 0.30

R � CH3CH2CH2 0.13 8.5 6 94 0.29 7.4 51 91 �45 � 6 3
0.09 0.20
0.03 0.25
0.08 0.29

R � (CH3)2CH 0.13 7.5 12 � 4 100 0.23 8.4 54 101 �42 � 7 �1
0.17 0.22
0.04 0.23
0.09 0.27

ain J K�1 mol�1.
b� 3 J K�1 mol�1 unless otherwise stated. For Channel A, � 3 J K�1 mol�1 comes from the averaging of the �-values obtained from the optimized
structures at 5 and 8 A along the reaction coordinate [9]. The remainder of the uncertainty is due to the decrease in R* with increasing internal energy.
For Channel B, the error is due only to the decrease in R* with increasing internal energy, which was no more than � 3 J K�1 mol�1 in each case.
cCalculated using eq 7–9 in reference [9].

2042 GRABOWY AND MAYER J Am Soc Mass Spectrom 2005, 16, 2039–2044



ues in the equilibrium structures, the average devia-
tions are similar, resulting in �(�S‡) � 0. For example,
in (CH3CN)(CH3OH)H

�, R* for Channel B is located at
13.7 Å, while that for Channel A is 7.0 Å. The resulting
� values for the four vanishing modes produce transi-
tion-state vibrational frequencies that differ from the
equilibrium values (differences of 4, 5, 35, and 40 for
Channel A and 8, 14, 14, and 15 for Channel B) with
similar average deviations of 17 and 13 cm�1, for
Channels A and B, respectively. For (CH3CN)
(CH3CH2CH2OH)H

�, the combination of the location of
the dividing surface and the � values result in quite
different average deviations in the transition-state fre-
quencies for the two competing channels in each case:
57 cm�1 for Channel A and 22 cm�1 for Channel B.
A similar result is obtained for (CH3CN)
[(CH3)2CHOH]H

�. Thus, �(�S‡) is not zero for these
two proton-bound molecular pairs. Thermodynamic
entropy changes for the dissociations of (CH3CN)
(CH3OH)H

�, (CH3CN)(CH3CH2OH)H
�, (CH3CN)

(CH3CH2CH2OH)H
�, and (CH3CN)((CH3)2CHOH)H

�

areÅalsoÅlistedÅinÅTableÅ2.ÅAsÅexpectedÅforÅsimple
molecular systems, the entropy changes for Channels A
and B are nearly the same in each case and �(�S) are
zero.
Unfortunately, a full kinetic method analysis of these

proton-bound pairs is not practical as Channels A and B
are both observed in only two cases, R � C2H5 and

C3H7. The more favorable entropy change in the lower
energy Channel B reactions (R � C3H7 and (CH3)2CH)
would lead to a greater observed ratio for [ROH2

�]/
[CH3CNH

�] in these two cases than if �(�S‡) � 0.
Quantitatively, the �(�S‡) of �45 J K�1 mol�1 for the
two propanol containing pairs, if ignored, would result
in a potential discrepancy in �PA of 5.4 RTeff.

Conclusions

The entropies of activation for the dissociation of a
series of acetonitrile-alcohol proton-bound pairs,
(CH3CN)(CH3OH)H

�, (CH3CN)(CH3CH2OH)H
�,

(CH3CN)(CH3CH2CH2OH)H
� , and (CH3CN)

[(CH3)2CHOH]H
�, were compared for two dissociation

pathways (CH3CNH
� � ROH and CH3CN � ROH2

�)
using microcanonical variational transition-state the-
ory. The dissociation of the proton-bound pairs via
Channel A to form CH3CNH

� and neutral alcohol
occurred by simple bond dissociation in which the two
departing fragments simply got farther apart. Over the
course of dissociation by Channel B, the departing
protonated alcohol moiety rotates to produce a more
favorable interaction with the dipole of the neutral
acetonitrile. The absolute �S‡ values for each dissocia-
tion pathway were found to be determined by the
combination of the location of the dividing surface and
the rapidity with which the four key vanishing modes
in each dissociation tended to zero as a function of
increasing separation of the products.
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