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Abstract

The gas phase equilibrium clustering reactions(ROH), + ROH = X (ROH),,; (X = F, Cl, Br, I; R= CH,,
CH;CH,, (CH;),CH, (CH;);C; n = 0, 1, 2) have been investigated by using pulsed-ionization high pressure mass
spectrometry (PHPMS). From the corresponding van't Hoff plots the standard enthalpifs () and entropies{SS .. ;)
were obtained, which are discussed in terms of the radii of the halides, the geometry of the alcohol molecules, the number
alcohol molecules, and molecular properties such as polarizability and gas phase acidity. The observed enthalpy trends can
explained on the basis of ion-dipole, ion-induced dipole, and dipole-dipole interactions within the clusters. The observec
entropy trends are qualitatively discussed in terms of hindered rotations and low frequency intermolecular vibrations. In
general, where available, there is good agreement between the present data and literature values obtained by varic
experimental techniques. In addition to the experiments, both density functional theory (DFT) calculations at the
B3LYP/6-311G(d,p) level of theory and G2 level calculations have been performed on a number of selected systems to tes
these methods for obtaining energetic data and to gain more insight into the structures of the investigated clusters. (Int J Ma
Spectrom 185/186/187 (1999) 707-725) © 1999 Elsevier Science B.V.
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1. Introduction chemistry, surface science, and catalysis. The thermo-

chemical data obtained from these gas phase measure-
Over the past three decades the study of both ments has proved to be very useful. By inference,
positive and negative gas phase cluster ions has madetomparison with condensed phase data may be used
significant contributions to such diverse fields in {5 deduce solvent effects.
science as atmospheric chemistry, gas phase ion Hgjige clusters have been among the most exten-
sively studied systems. This is not surprising consid-
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have been studied particularly well, both experimen- 2. Experiment

tally [1-9] and theoretically [10-23]. This is largely

because of the fact that water is the most common  All measurements were carried out on two pulsed-
protic solvent. Alcohols represent a class of protic ionization high pressure mass spectrometers, config-
solvents for which corresponding halide clusters have yred around either & G 8-80 or areversedVG
received a fair amount of interest over the years 70-70 (BE geometry) instrument. The instruments,
[3,5-7,9,24-36]. All of these systems show interest- poth constructed at the University of Waterloo, have
ing trends in thermochemical data if either the halide, peen described in detail previously [50,51]. The
the alcohol ligand, or the number of ligands is general principles and capabilities [52], as well as the

changed. _ . limitations [53] of PHPMS have been described in the
Among experimental techniques used to study the i atyre.

halide protic solvent moIec:Isl\;ISletelrs4are h:ghdp.res- Gas mixtures were prepared ia 5 L heated
sure mass spectrometry ( ) [1-4], pulsed-ion- 105 steel reservoir (60 °C-85 °C) by using,CH

I?,atgl;ogohl?gn Fz;re;zl:rfn Tsssjnjssgtr?g]stryzs(zggl\;lS) as the bath gas at pressures of 135 Torr—835 Torr. The
[5-9,30], y (ICR) [25,26,37], halides F, CI™, Br, and I were generated from

Fourier transform ion cyclotron resonance mass spec- 0 0 0

trometry (FT-ICR) [29,31,34,36], electron photo de- '\(I)FSSO/(O'SSS(/;;O'ZO /%H CQI<(()<001'31 %), dCFéL:

tachment spectroscopy (EPDS) [27,28,33,35], nega—( -25%-1.50%) o_r B (_ - (_’)’ an 3
(<0.01%), respectively by dissociative electron cap-

tive ion photoelectron spectroscopy (NIPES) [38— )
40], infrared multiphoton dissociation (IRMPD) (re (DEC) of thermalized electrons from 3Qis
pulses da 2 keV electron gun beam.

[24,32], and vibrational predissociation spectroscopy
(VPDS) [41,42]. In general, reasonable agreement is  1he four alcohol neutrals (COH, CHsOH,
observed when comparing data from these different i-CsH7OH, t-C,H;OH) were added to give relative
experimental techniques. partial pressures between 0.01% and 20%, depending
From quantum mechanical and molecular dynam- On the temperature and the nature of the experiments
ics computations, considerable insight has been involved. The ion source pressure and temperature
gained into the static structures as well as the ener- ranged from 3.5 to 10.0 Torr and from 300 to 710 K,
getics and dynamic aspects of halide water clusters respectively.
[8,10-23,43—-48]. On the other hand, only a few Time intensity profiles of mass selected ions were
papers report work done on halide alcohol clusters monitored by using a PC based multichannel scalar
[23,30,34,36,38,49]. (MCS) data acquisition system, typically configured
Surprisingly, thermochemical data for the equilib- petween 50 and 40s dwell time per channel over
rium clustering of many halide alcohol systems have 250 channels. Additive accumulations of ion signals

never been determined. This is especially true for resulting from 250—2000 electron beam pulses were
higher order clusters (more than two solvent mole- typically used.

cyles) Qf the fluoride and the heavier halides (Bnd The equilibrium constantsK(,) at different tem-
I”) ‘with larger alcohol molecules ¢ElsOH, peratures are determined from Eq. (1).
|'C3H7OH, t-C4H90H).

In the present work a systematic study has been _ Int(X"(ROH), ,) p° 1)

performed to obtain new data as well as to evaluate "®9  Int(X (ROH)) ~ Promn source
existing thermochemical data. The standard enthal-

pies (AH®) and entropiesAS°) have been analyzed In Eqg. (1), Int(X"(ROH),,1)/Int(X"(ROH),) is
for trends to gain a clearer understanding of the the ion intensity ratio of the X(ROH),,, and
distinct influences of the halide, the alcohol molecule, X~ (ROH), clusters at equilibrium, respectively? is
and the number of alcohol molecules. the standard pressure (1 atm), a@goy sourcelS the
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partial pressure (in atm) of the alcohol in the ion sitated by the diffuse nature of the anions. To check
source. the energy dependence on larger basis sets, several
From the equilibrium constants the standard single point calculations were done with the
Gibbs' free energy AG°) at the different absolute  6-311++G(3df,3pd) basis set. All calculations were
temperaturesT) can be calculated from Eq. (2). done with thesaussian 94 suite of programs [56].
By combining Eg. (2),

AG® = —RTIn K, 2)

and Eq. (3) the van't Hoff Eq. (4) can be obtained. 4. Results and discussion

AG® = AH° — TAS® (3) The results for the experimentally determined
o equilibrium constantsK,,) for the three consecutive
- ﬁ _AH%1 stepwise solvation reactions [Egs. (5)—(7)]
InKeq= "5 R T (4)
(0,2 X~ + ROH= X" (ROH) (5)

By plotting InKqversus 1T, AH° andAS’ can be
calculated from the slope and intercept, respectively. (1,2) X (ROH) + ROH= X" (ROH), (6)
All equilibrium constants obtained were essentially
independent of the partial pressures of the alcohols
and the ion source pressure. The uncertainties in the(X = F, Cl, Br, |I; R= Me, Et, i-Pr, t-Bu) are
enthalpies and entropies were calculated from the displayed in the van't Hoff plots in Fig. 1(A) to (H).
standard deviations in the slope and intercept of the The numbers in the van't Hoff plots correspond to the

(2,3 X (ROH), + ROH= X (ROH), 7)

van't Hoff plots by statistical procedures. system number as shown in Tables 1-5 (see below).
Most chemicals used were commercially available The corresponding standard enthalpy and entropy
and used directly without further purification. changes, and known literature values are shown in

For all NF/ROH/CH, mixtures, an ion withm/z Tables 1-4.
115 was always present. The relative intensities of ~ The direct clustering of F onto CH-OH,
m/z 115, 116, and 117 in theass spectrum suggest i-C,H,OH, andt-C,H,OH could not be measured
that it contains one sulfur atom. This ion has the same because of the very high binding enthalpies involved.
m/z value as F(CH;OH);, and so CQOH was used  In order to obtainAH® and AS°, F~ exchange
instead of CHOH. reactions involving methanol and the three other
alcohols were performed, Eq. (8).

3. Computation F~(CH;0OH) + ROH= F (ROH) + CH;OH

(8)
Based on a review by Curtiss et al. [54] and By measuring the standard enthalpy and entropy
previous experience, Becke3LYP was chosen as thechanges for these exchange equilibria and by using
standard basis for the computational part of this study. earlier experimentally determinetiH® andAS® val-
To verify the suitability of the density functional ues of F clustering onto methanol AH® =
theory (DFT) method for the present chemical sys- —30.5+ 0.7 kcal mol'* and AS® = —23.4+ 1.2
tems, the monosolvated halides were compared to G2cal mol * K~ *) [29], the corresponding thermochemi-
results. Chemical accuracy aof2.5 kcal mol'* or cal data of F clustering onto ROH (R= Et, i-Pr,
better compared to experimental data has beent-Bu) could be obtained experimentally. These values
claimed for the G2 procedure [54]. The basis set are summarized in Table 5. In Fig. 1 the van't Hoff
chosen for optimizations and frequency calculations plots for the clustering of fluoride onto ethanol (4),
was 6-313-G(d,p) [55]. The large basis set is neces- iso-propanol (7), andtert-butanol (10) have been
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Summary of experimental thermochemical data for the fluoride alcohol clustering equilib(ROH), + ROH = X (ROH),., (X =

F; R = Me, Et,i-Pr,t-Bu; n = 0, 1, 2)

Present work

Literature value

System

No. X R (n,n+1) AHZ ., 2 AS i ® AHS ., 2 A 0" Method Reference

1 F Me ©0,1) ~29.6 —226 ICR [25]
—-30.5+ 0.7 —23.4+1.2 PHPMS [29]
—-23.3 —-25.0 PHPMS [30]
—29.6+ 0.5 EPDS [35]

2 F Me 1,2) —-20.3+ 0.3 —24.6+ 0.8 —-19.8+ 0.3 —22.5+ 0.8 PHPMS [29]
—-19.3 —23.2 PHPMS [30]

3 F Me 2,3) ~151+06 -236+16 -181+01 -32.6=0.6 PHPMS  [29]
—-14.5 —-21.2 PHPMS [30]

4 F Et 0,1) —32.4+0.7 —25.7t 13 —-315 —24.9 ICR [25]

5 F Et 1,2) —206+03 -258+06 -206+05 -27.1+12 PHPMS  [29]

6 F  Et (2,3) ~156+0.1 -251+04

7 F i-Pr 0,1) —33.5+0.7 —26.2+ 1.3 —-32.2 —25.6 ICR [25]

8 Fooi-Pr (1,2 —208+02 -253+0.6

9 F i-Pr (2,3) —-17.6+ 0.2 —-31.0+ 0.7

10 F t-Bu 0,1) —33.4+0.7 —24.8+ 1.2 —33.3 —26.1 ICR [25]

11 F tBu (12 —220+04 -282+0.8

12 F tBu (23 183+ 10 -352+28

akcal mol*.

bcal morrt K1

calculated and drawn based on the above discussionof theory were used to parameterize the fluoride water
and consequently do not contain any experimental interaction (26.7 kcal mol%).

data points.

For the F + ROH = F~(ROH) clustering equi-
libria, —AH?® increases in going from R Me to
t-Bu. A similar trend has been observed by Larson
and McMahon [25]. Their ICR values are slightly
lower than the values obtained from this work. As a
reference in that work, Kebarle’AH® value for the
F~ + H,O = F (H,0) equilibrium obtained by
HPMS experiments [1] had been used.

Hiraoka’'s—AH?® values for the F(H,0), + H,O
= F (H,0),,, clustering equilibriaf = 0, 1) [8]
determined by PHPMS are higher than the HPMS
data, indicating that Kebarle’s data might be too low.
This has been supported by Xanthes et al. from
theoretical calculations [47]. They obtained a fluoride
onto water binding enthalpy at 300 K 6f26.5 + 0.5
kcal mol* by using a new parameterization of the
fluoride water interaction within a polarizable water
model. The results of ab initio calculations at the
MP2(4)/aug-cc-pVDZ and MP2/aug-cc-pVTZ levels

A previous AH® value from this laboratory
(—30.5 = 0.7 kcal mol %) determined by PHPMS for
the F onto CHOH clustering is in reasonable
agreement with Larson and McMahon’s ICR data,
while Hiraoka’s value for the same reaction definitely
seems anomalous.

The electrostatic interaction between a halide and
an alcohol moleculeY(r), can be described by an
ion-dipole and ion-induced dipole model [57,58], Eq.
),

_ —mpgcosh() —ag’
V(r) = r2 + or4

(9)

From the data in Table 6 it can be concluded that the
ion-induced dipole term is mainly responsible for the
increase in—AH® for R = Me to t-Bu, despite the
r—* dependence. Going from GBH to t-C,H;OH,

the permanent electric dipole momentd) changes
only slightly, whereas the polarizability of the alco-
hols (@) increases from 3.32 to 8.82°459,60]. A plot
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Table 2
Summary of experimental thermochemical data for the chloride alcohol clustering equilibfiROX),, + ROH = X (ROH),,, (X =
Cl; R = Me, Et,i-Pr,t-Bu;n = 0, 1, 2)
Present work Literature value
System
No. X R (n,n+1) AHS ., 2 ASS P AHZ ., 2 A 1" Method Reference
13 Cl Me 0,1) -175*+0.3 —24.0+0.7 -14.1 -14.8 HPMS [2]
-14.2 -14.8 HPMS [3]
-16.8 -22.9 ICR [26]
-175+0.1 -22.0*+0.2 PHPMS [4]
-17.4 -24.1 PHPMS [7]
-17.1+0.1 -226=*0.1 PHPMS [9]
-18.7+0.5 EPDS [35]
14 Cl Me 1,2) -14.1+04 -228*+1.1 -13.0 -19.4 HPMS [3]
-14.1 -22.0 PHPMS [7]
-13.7+0.2 —-22.0*+05 PHPMS [9]
15 Cl Me (2,3) -11.5*+0.2 -21.6*+0.6 -12.3 —23.6 HPMS [3]
-11.8 -22.9 PHPMS [7]
-10.8+0.3 —22.7*+0.38 PHPMS [9]
16 Cl Et 0,1) -17.9+04 -24.3*+0.9 -17.3 -23.1 ICR [26]
-17.6 -23.7 PHPMS [7]
17 Cl Et 1,2) -15.3+0.2 -26.7+0.5 -16.1 -25.9 PHPMS [7]
18 Cl Et (2,3) -13.9+0.7 -29.3+2.1 -12.8 —25.8 PHPMS [7]
19 Cl i-Pr 0,1) -19.4+0.2 —-27.1+0.5 -17.6 -23.2 ICR [26]
—18.3 —24.7 PHPMS [7]
20 Cl i-Pr 1,2) -16.7+0.3 -30.3+ 0.7 -15.6 —25.0 PHPMS [7]
21 Cl i-Pr (2,3) —-149+0.5 —-322*+14 -12.5 -26.1 PHPMS [7]
22 Cl t-Bu 0,1) -20.2*+04 —28.9+1.0 -14.2 -10.3 HPMS [2]
-19.2 -27.0 PHPMS [89]
-18.1 —234 ICR [26]
-19.8 -27.4 PHPMS [7]
23 Cl t-Bu 1,2) -16.9+ 0.2 -32.0+0.5 -14.9 -25.8 PHPMS [7]
24 Cl t-Bu (2,3) -15.8+0.3 -36.0+=0.9 -13.7 -31.0 PHPMS [7]
2kcal mol*.

bcal molrt K%,

of a versus —AHgZ ,; (X"/ROH) confirms the ex-
pected linear relationship (Fig. 2).

The deprotonation enthalpiedfd, .y of CH;OH
to t-C,H,OH are larger than that of HF (Table 6), so
that ROH: - - F~ is a qualitatively correct description
for these systems as shown by Mihalick et al. from
EPDS experiments of fluoride alcohol adducts [33]. In
addition to this, IRMPD experiments of (GBH) F~
in a FT-ICR instrument have confirmed that H
CH;OH is indeed the lowest energy dissociation
channel [24]. Low kinetic energy collision-induced
dissociation (CID) experiments by Wilkinson et al. in
a FT-ICR instrument showed that for (ROH)Rad-

both F and RO product ions were observed [31].
This was explained by assuming a double well poten-
tial energy surface with a very low barrier for proton
transfer whem\AH .y =~ 0 kcal mol™*, whereas for
larger AAH_.q values, the potential energy surface
converts into a single well. This hypothesis has been
confirmed by high level ab initio calculations [38,49].
A linear relationship between the gas phase acidity
difference of ROH and HF, and the binding enthalpy
of F~ (ROH) was established by Larson and McMa-
hon [25]. In Fig. 3 it can be seen that this relationship
also applies to the other three halides. This relation-
ship might indicate the existence of a single well

ducts, for which the gas phase acidity of the alcohol potential energy surface as shown in Fig. 4. A similar

molecule is very close to the gas phase acidity of HF,

kind of potential energy surface was suggested by
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Table 3
Summary of experimental thermochemical data for the bromide alcohol clustering equilibfiROX!), + ROH = X~ (ROH),,.; (X =
Br; R = Me, Et,i-Pr,t-Bu; n = 0, 1, 2)

Present work Literature value

System

No. X R (n,n+1) AHS ., 2 AS i1 ® AHS ., 2 AS i1 ® Method Reference

25 Br Me (0,1) -145+01  —219+04 -13.9 -17.6 PHPMS  [30]
—-15.1+0.4 EPDS [35]

26 Br Me (1,2) —-12.0+ 0.2 —-21.4+05 —-125 —-20.7 PHPMS [30]

27 Br  Me (2,3) -95+05 -17.6+16 —106 —21.6 PHPMS  [30]

28 Br Et (0,1) -141+02 -198+04 —14.4 FT-ICR [34]
~15.2+ 0.6 EPDS [35]

29 Br Et (1,2) -11.5+0.6  —19.4=18

30 Br Et (2.3) ~95+03  —17.2+0.9

31 Br i-Pr (0,1) —14.4+ 0.2 —20.3+ 0.6 —-14.6 FT-ICR [34]
-16.5+ 1.2 EPDS [35]

32 Br  i-Pr (1,2) -123+03  -23.0+08

33 Br i-Pr (2,3) —-11.5+ 0.8 —23.6x 24

34 Br  tBu 0,1) -15.8+0.2  —242+05

35 Br t-Bu 1,2) -129+ 0.4 —24.3+ 1.2

36 Br t-Bu (2,3) —-11.6+ 0.5 —244+ 16

akcal mol 2.

bcal molrt K2,

Yang et al. [35], although they did not propose any 311+G(d,p) and G2 calculations have been able to
linearity or extension to larger alcohol molecules. reproduce the experimental PHPMS data reasonably
The F (CH;OH) adduct has been studied by high well (—31.3 and—29.3 versus—30.5* 0.7 kcal -
level theoretical calculations a number of times. In mol™* for AH° and —22.6 and —21.7 versus
Table 7 can be seen that the present B3LYP/6- —23.4+ 1.2 cal mol't K™ for AS°). In general,

Table 4
Summary of experimental thermochemical data for the iodide alcohol clustering equilib(ROH), + ROH = X (ROH),,, (X = |;
R = Me, Et,i-Pr,t-Bu; n = 0, 1, 2)

Present work Literature value
System
No. X R (n,n+1) AHS ., 2 AS 1 ® AHS ., 2 AS 1P Method Reference
37 | Me 0,1) —-11.9+0.2 —-20.6x 0.5 -11.3 —-17.8 PHPMS [5]
-11.2 -17.1 PHPMS [30]
—-144+04 EPDS [35]
38 | Me 1,2) -9.5+0.2 —-17.6+ 0.5 -11.1 —22.6 PHPMS [30]
39 | Me (2,3) —-7.7+0.6 —-144+19 -9.8 —22.4 PHPMS [30]
40 | Et (0,1) —-13.0+ 0.2 —-23.1+ 0.7 -12.1 -18.9 PHPMS [5]
-11.7 FT-ICR [34]
41 | Et 1,2) —-10.5+0.2 —20.4+ 0.6
42 | Et (2,3) -8.4+ 0.5 -164+ 14
43 | i-Pr 0,1) —-13.1+0.2 —22.7+ 0.6 —-12.2 —-19.1 PHPMS [5]
44 | i-Pr 1,2) —-11.0+0.3 —-21.3+0.8
45 | i-Pr (2,3) -9.5+0.7 —-20.0x 2.2
46 | t-Bu 0,1) —-13.1+0.3 —-23.3+ 0.9 -12.1 -18.7 PHPMS [5]
a7 | t-Bu 1,2) —-11.3+04 —234+11
48 | t-Bu (2,3)
akcal mol 2.

bcal morrt K1
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Table 5
Summary of experimental thermochemical data for the fluoride alcohol exchange equili{f@20OH) + ROH = X~ (ROH) +
CH;OH (X = F; R = Et, i-Pr, t-Bu)

Present work Literature value
System
No. X R AH° 2 ASPP AH° 2 ASPP Method Reference
49 F Et -1.9+0.2 -23*+04 -1.9 -2.3 ICR [25]
50 F i=Pr -3.0+0.2 -28*0.4 -2.7 -3.0 ICR [25]
51 F t=Bu —-29+0.1 -14=+0.1 -3.7 -3.5 ICR [25]
akcal mol 2.

bcal molrt K2,

the G2 values are in excellent agreement with the mol™* from experiments, whereas the single point
experimental results, differing by 1.5 kcal molor calculations at the 6-31+G(3df,3pd) level differ
less, which is well within the reported accuracy of 2-3 from 1.9 to 2.5 kcal mol'. The agreement is,
kcal mol%. In comparison, the DFT results fared however, still excellent and well within the expected
slightly worse overall. At the 6-314G(d,p) level, error bars. The higher level single point calculations
the enthalpies at 298 K vary from 0.8 to 2.8 kcal do not improve the results significantly, indicating

20 20 20

10 4

In(Keq)
3
3

20 20 20

< 0] 43
z
& 44
3 b4 B/ /45
3 9 £ 2
o T 1 } T
12 24 T o 36
20 s
’;g 104 1° 486 4
z
N /'T(
2 / EM
f 50"
23 2 AQM
0 T 0 T 0t r
12 24 36 12 24 36 16 22 28
1000/T (K™ 1000/T (K™") 1000/T (K™

Fig. 1. van't Hoff plots [In K, versus1000/T] for the stepwise clustering reactions of halides onto alcohols, from whi¢handAS® for
the clustering reactions can be obtained. See Tables 1 to 5 for the specific association reactions referred to in Fig. 1.
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Table 6 40

Standard heat of formatiom\(H®), deprotonation enthalpy 35

(AH ., polarizability (), radius ¢), and permanent electric 'g
dipole moment f.p) of the halides, alcohols, and corresponding < 307
conjugated acids and bases studied in the present work. £ o5
Data from various sources [59,60,68,69,90] T 5
z 4
AH® AHage* a1 g £ 154
HF —65.1 371.2 2.46 1.83 o;- 10 o
F -59.5 1.47 133 3 .l
HCI —22.0 333.2 2.63 1.11 ]
¢l 542 400 1.81 ° O 10 20 30 40 5 60 70
HBr -8.6 322.2 3.61 0.83
Br- ~50.9 5.25 1.96 AH,ig(ROH)~AH,¢ig(HX) (kcalmol™)
HI —6.3 314.1 5.35 0.45
1~ —44.9 7.60 2.20 Fig. 3. Deprotonation enthalpy differenceAHl (ROH) —
CH,OH —48.2 381.0 3.32 1.70 AH_.i{HX)) versus the negative standard enthalpy change for the
CH,O~ —33.2 X~ onto ROH association reactions AHg (X~ ROH)).
C,HOH -56.1 377.1 5.11 1.69
CHO —444 performing low level calculations at the HF/3-
i-CsH,0H —65.2 375.2 6.97 1.66
i-C,H,0™ _55.4 21G+p(0.074)level of theory, seems too low [30].
t-C,HgOH -7.8 374.3 8.82 1.66 Bradforth et al. performed high level ab initio calcu-
tCHO™  —657 lations at the RMP2/6-3# + G+//RMP2/6-31 + G
akecal mol™. and RMP4/6-3% +Gx*+//[RMP2/6-31 +G=+ levels
b A3 . .
. ﬁ : of theory and obtained fluoride to methanol standard
ap. binding enthalpies of-28.9 and—29.5 kcal mol *,

respectively [38]. These values are in excellent agree-
ment with Larson’s and McMahon’s ICR data and the

thallt the lstandan:] 6—3}]G|(d,p)bba§|s selt_ rr?a?c/ g|\;]e Yang et al. EPDS data [25,35]. The structures of the
values close to the complete basis set limit for these monosolvated halide alcohol clusters calculated in

sy_stems an_d cfonsehquently tfheh highest level single this work are very similar to structures from previous
point energies for the rest of the systems were not computational work.

aIways ?(bt,ameld' ¢ 96.2 keal mol' obtained b Wiladkowski et al. performed an extensive study on
Hiraoka's value of-26.2 kcal mol™, obtained by the (CH,OH) F~ proton-transfer surface [49]. At the

MP2/[13s8p6d4f,8s6p4d](+)(492) level of theory,
35 they calculated a value 0f30.4 kcal- mol™?, in

) - FT
[ /’/ excellent agreement with earlier experimental work
£ from this laboratory [29].
O 254
<
’(:5? 20 4 /,,,. or RO + HX
o
[ 15 « Br- -AH®, ;~ AAH,,,
= b - e
o° — ! AH,.(ROH)-AH,(HX)
5 10 4 Me Et i-Pr t=Bu
|
5 T T L A UP PP PPPPPPPPPPPPPPPPPIDY PP, SR
2 4 6 8 10

Polarizability alcohol (A3) A RO
............................ RSTx]

Fig. 2. Alcohol neutral polarizability «) versus the negative
standard enthalpy change for the Xnto ROH association reac- Fig. 4. Single well potential energy surface for the halide alcohol

tions (—AHg ;(X"ROH)). adducts, indicating the linear relationship shown in Fig. 3.
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Table 7
Summary of calculated thermochemical data for some selected halide alcohol clustering equ#tBi8LYP/6-311+G(d,p).
X ROH (n,n+1) Method AHS 2 AHSgg 2 AS°P
F CH,OH 0,1) B3LYP/6-31%G(d,p) -30.9 -313 —22.6
B3LYP/6-311++G(3df,3pd)//” -32.0 -32.4
G2 —28.7 -29.3 -21.7
F CH,OH 1,2-2) B3LYP/6-31%+G(d,p) -20.2 -19.5 —23.4
B3LYP/6-311++G(3df,3pd)// -19.7 -19.0
Cl CH;OH 0,1) B3LYP/6-31%G(d,p) -14.6 -14.7 -19.2
B3LYP/6-3114+G(3df,3pd)//” —14.9 —15.0
G2 -15.7 -16.0 —-19.5
Cl CH;OH 1,2-2) B3LYP/6-31%+G(d,p) -12.2
B3LYP/6-3114+G(3df,3pd)//” -12.2
Cl CH;OH (1,2-1) B3LYP/6-31%+G(d,p) -11.4 -10.7 —29.6
Br CH;OH 0,1) B3LYP/6-31%G(d,p) -12.2 -12.3
G2 —13.2 —135 -19.5
Br C,HsOH 0,1) B3LYP/6-31%G(d,p) -12.2 -12.3 -20.0
2kcal mol*.

bcal mort K1,

In general, experimentally determined entropy sible, mainly because of the more favorable mutual
changes may give some additional information on orientation. One might speculate that this will de-
structural features in gas phase cluster ions. Good crease the contribution to the rotational entropy. In
illustrative examples are the occurrence of bidentate general, vibrations with a frequency smaller than 200
clustering of a,w-diols onto chloride [61] and the cm ! have very large contributions to the vibrational
existence of electrostatic and covalent bound isomers entropy. The F in-plane bend vibration was calcu-
of the tert-butyl cation clusters with small organic lated to be 177 cm' (IR intensity 18.6) and it is one
molecules at different temperatures [62]. In general, of the three new vibrations appearing upon formation

the variations for the observed entropy changes can beof the (CH,OH) F~ complex (167 cm' at the

attributed to internal rotational and vibrational
contributions on the entropy [63]. The internal
rotational contribution may arise from hindered
rotations of methyl groups. Wladkowski et al. calcu-
lated the —CH internal rotation in neutral methanol
with a scaled quantum mechanical (SQM) force field
method to be 269 cmt with an infrared intensity of
126.0 (a.u.). [49]. In (CHOH) F~ the same rotation
was calculated to be at 75 crh(IR intensity 0.2). (77
cm ! at the RMP2/6-3% + G level of theory [38]).
This result indicates that the —GHrotation in
(CH;OH) F is less hindered. At the temperatures
used in this work, the —Cktotor can be considered to
be an almost free rotor; the rotational barrier in
CH,OH equals 1.1 kcal mof', whereas in (CEOH)

F~ it is 0.5 kcal mol'* [49]. Comparing R= Me to

R = Et to t-Bu, the interaction between Fand

RMP2/6-3H- +Gxx level of theory [38]). It is very
likely that the F in-plane bend vibration will shift to
lower frequencies when R is changed from Me to
t-Bu, mainly because of the stronger binding en-
thalpy. This will lead to a larger vibrational entropy.
Unfortunately, no similar data are available on (ROH)
F~ clusters (R= Et, i-Pr, t-Bu).

The experimentally determined standard entropy
change of—23.4+ 1.2 cal mol'* K~ is in quite
good agreement with the estimated value-@2.6 by
Larson and McMahon, and Hiraoka’'s PHPMS value
of —25.0 cal mol'* K~* [25,30]. For the three other
alcohols, the standard entropy changes for thet~
ROH = F (ROH) clustering equilibria are close to
the values suggested by Larson and McMahon within
the statistical uncertainty.

Atthe DFT B3LYP/6-31%G(d,p) level of theory,

methyl groups should become somewhat more acces-a standard entropy of-22.6 cal mol* K~* was
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calculated, which is in good agreement with the
experimental value of-23.4 cal mol'* K™ The
DFT method used treats all potential rotors as vibra-
tions. The G2 result 0f21.7 cal mol' * K~ * deviates
more from the experimental value than the DFT
value.

For the F (ROH) + ROH = F (ROH), equilib-
rium clustering reactions, in Table 1 it can be seen
that AH? , becomes slightly more negative going
from R = Me tot-Bu. This same trend was observed
for AHg ;. In absolute magnitude\H? , is consider-
ably smaller tham\Hg ;.

AH? , for F~/CHZOH of —20.3 + 0.3 kcal mol*
is in reasonable agreement with Hiraoka’s value of
—19.3 kcal mol'* and earlier data from this labora-
tory [29,30]. For the other three alcohols AdH? ,
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Fig. 5. TZ(+)(d,p) RHF Mulliken population analysis of F
(CH3OH) taken from [49].

the relative orientations among the alcohol molecules,
increase even further if another alcohol molecule is
added.

The geometries for the disolvated clusters
(F"(CHZ0OH), and CI'(CHZOH),), which might be
expected to be the lowest in energy, are structures
with the halide in the center and the two methanol

values are available in the literature. The consistency molecules at opposite sides. Such a starting geometry

in the observed trends is a good indication that the
AH? , values are of the correct magnitude. The main
reason for the smallexH® values of the F(ROH) +
ROH = F~(ROH), clustering equilibria, compared to
F~ + ROH = F (ROH), can be found in the in-
creased dipole-dipole interaction and steric effects
between the alkyl groups [64]. The dipole-dipole
interaction is expected to be the main factor and
repulsion will be largest for F and smallest forT.

for F~(CH3OH), leads to binding energies that are in
good agreement with experimental values (between
0.8 and 1.3 kcal mal%). The structure with the central
halide seems therefore to be confirmed. However, it
was noted during the optimization cycle that the
potential energy surface was quite flat and optimiza-
tion did not proceed without difficulties. In fact, for
the analogous CI(CH;OH), case, the final structure

shows two imaginary frequencies of &1d 7 cm™™.

This observation can be understood by the fact that The very small values for the frequencies shows that

the alcohol molecules will be closer together when
bonded to F instead of I'. Except for the F
(ROH) complexes, no charge transfer from the
halide to the alcohol molecule is expected. Even
though the gas phase acidity of @BH is larger
than the gas phase acidity of HF, some charge
transfer occurs. Wladkowski et al. performed a re-
stricted Hartree—Fock (RHF) Mulliken population
analysis at the TZ)(d,p) level of theory [49],
shown in Fig. 5. In this case the effective charge on
F~ in the F (CH;0OH) complex is somewhat
smaller than on a bare fluoride. It is reasonable to
assume that for F (ROH) (R = Et, i-Pr, t-Bu) the
charge transfer will be larger than for KCH;OH).

In the X~ (ROH) clusters (X= Cl, Br, 1), all charge

the curvature of the “hill top” is almost flat and might
be a computational artefact rather than a real feature
of the potential energy surface [65-67]. Even for the
F~(CH;OH), case, three frequencies of less than 25
cm 1 exist, showing that, for both halides, fairly
unhindered torsional and rotational motions are pos-
sible.

Kebarle’'s HPMS data for fluoride water clusters
shows a similar trend as for the corresponding alcohol
clusters. The observed decrease going from (0, 1) to
(1, 2) is not as large as that for the fluoride alcohol
clusters [1]. Hiraoka'sAH® value of —19.2+ 0.5
kcal mol* for H,O clustering onto F(H,O) seems
unusually large compared to the corresponding alco-
hol values of the present work [8]. The larger than

will reside on the halide. The effective halide charge, expected value may be because of the internal hydro-
g, will remain near—1.00 a.u. in all cases and the gen bonding that is present even when both water
dipole-dipole interaction will probably, depending on molecules directly interact with the fluoride [47]. To



B. Bogdanov et al./International Journal of Mass Spectrometry 185/186/187 (1999) 707-725 717
Table 8
Summary of calculated vibrational frequencies for fluoride and chloride water clusters
Harmonic frequency (cmt)
Cluster Theory N , w3 W, wg wg Reference
F~(H,0) MP2/aug-cc-pvVDZ 387 563 1135 1694 [45]
ClI~(H,0) MP2/aug-cc-pVDZ 187 355 730 1666 [48]
DFT/DZVP 221 320 763 1703 [89]
17(H,0) MP2/(TZ+P) 111 174 561 1694 [41]
F~(H,0), MP2/aug-cc-pVDZ 28 31 [45]
Cl~ (H,0), MP2/aug-cc-pvVDZ 96 154 178 [48]
DFT/DZVP 103 167 [89]
F~(H,0)s(p) MP2/aug-cc-pVDZ 59 59 71 [45]
F~(H,0)4(r) MP2/aug-cc-pvVDZ 49 78 147 194 199 [45]
CI7(H,0)4(p) MP2/aug-cc-pvVDZ 96 [2] 128 163 (2] [48]
DFT/DZVP 101 141 174 [89]
CI7(H,0)4(r) MP2/aug-cc-pVDZ 39 59 146 178 185 200 [48]

p = pyramidal isomer

r = ring isomer

w, = intermolecular stretch

w, = water in plane rotation

w5 = out-of-plane motion H - - X~
= water bend

Wy =
ws = “hydrogen bonded” OH stretch
we = “free” OH stretch

illustrate this, Xantheas et al. calculat&#i® at 300 K

for the F (H,0) + H,O = F (H,0), equilibrium
clustering reaction to be-21.6 + 0.4 kcal mol?!
[47], more exothermic than values by Kebarle and
Hiraoka [1,8].

The general observed trend irAS° for the
F~(ROH) + ROH= F (ROH), clustering equilibria
shows a small increase going from=RMe to t-Bu.

An identical trend is observed for Hiraoka's F
CH;0OH/(1,2) PHPMS experiments [30]. In Table 9 an
overview is given of the calculated entropy changes
and the individual components (translational, rota-
tional, and vibrational entropy changes).

At the MP2/aug-cc-pVDZ level of theory Xantheas
et al. calculated the harmonic vibrational frequencies
of the F (H,O) (Cg) and F (H,0), (C;) clusters.
The intermolecular F - - -H-OH stretch and water
in-plane wagging motion in HH,0) are 387 and 563
cm 1, respectively [45]. In Table 8 it can be seen that
for the F (H,0), cluster, these frequencies have
shifted to 28 and 31 cm, respectively. These shifts
in the vibrational frequencies will make a large
contribution to the entropy change. This example

nicely illustrates that something similar might be very
likely when comparing F(CH;OH) and
F~(CH;OH),.

For the F (ROH), + ROH = F(ROH), cluster-
ing equilibria, similar trends are observed as for the
corresponding (1, 2) equilibria— AH3 5 increases
going from R= Me tot-Bu and all values are smaller
than —AH? ..

The small size of fluoride (Table 6) will cause the
alcohol molecules to be closer together than for the
other three halides. For R Et, i-Pr, andt-Bu no
reference data are available in the literature. The
experimental HPMS and PHPMS data by Kebarle and
Hiraoka on F(H,0), show similar trends as the
present work [1,8]. Compared to theoretical work at
300 K by Xantheas et al., these experimental results
seem too low [47].

No real discussion can be given on the entropy
effects for the (2,3) clustering. As mentioned before,
hindered rotations and low frequency vibrations are
likely the main sources for the observed entropy
variations. At the MP2/aug-cc-pVDZ level of theory,
the intermolecular F - - - H—OH stretch and the water
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in-plane rotation have been calculated to be both 59 relationships between the deprotonation enthalpy dif-
cm ! [45]. The out-of-plane motion of the hydrogen ference of ROH and HF or HCl {H_.{ROH)-
atom bonded to fluoride has been shifted from 1135 AH_.{(HX) or AAH_ . X = F, Cl] and the negative
cm tin F(H,0), to 236 cm* in F~(H,0),, to 71 standard enthalpy change for the” % ROH =
cm tin F~(H,0)s, so this vibrational contribution to X~ (ROH) (X = F, Cl) clustering equilibria [26,27].
the entropy change thus increases with increasing The present work also found a similar linear relation-
cluster size [45]. It needs to be emphasized that the ship for X = F and an identical one seems to apply
trends observed for the fluoride water clusters will for X = CI, Br, and | as well.

very likely be different than the corresponding alcohol It is surprising to observe in the same figure that
clusters. This is mainly caused by the extra hydrogen the corresponding data for CNclustering onto the
bond per water molecule. Nevertheless, the knowl- different alcohols and water [70] shows a linear
edge obtained from these systems has been a startingorrelation with an identical slope as for the four
point for the entropy discussion on fluoride alcohol halides. In general, CNand CI" bind nearly identi-

clusters. cally [71]. The difference in this case might be caused

Analogous to the F (ROH), clusters, the-AH® by the occurrence of binding through the carbon atom
values for the CI + ROH = CI~(ROH) clustering instead of the nitrogen atom [70]. This can be ex-
equilibria increase going from R Me to t-Bu. In plained by the fact that the deprotonation enthalpies of

Table 2, data from both the present work and litera- HNC and HCI are very similar, but different from
ture values are shown for the different chloride HCN [70].
alcohol clusters. It has been suggested that in the  (@H;OH)
The CI" + CH;OH = CI™(CH;OH) equilibrium complex, there is not only an interaction between ClI
is a system that has been studied extensively and H-OCH, but also between Cland H-CHOH
[2—4,7,9,26]. The present value AH® = —17.5+ [25,30]. The latter is mainly caused by the size of
0.3 kcal mol't is in excellent agreement with most  chloride, which gives rise to a nonlinear QB
other PHPMS determinations [4,7,9]. Kebarle’s H---Cl~ bond angle [23,30,36]. This is very differ-
HPMS value is definitely too low [2,3], whereas ent from F (CH;OH), where the CHO-H---F~
Larson and McMahon's estimated ICR value of bond angle is almost linear [30,36,38,49]. The biden-
—16.8 kcal molt is in reasonable agreement [26]. tate interaction between Cland CHOH will give

The value by Yang et al. of-18.7 kcal mol? rise to more hindered rotation of the methyl group at
determined by EPDS seems too high compared to very low temperatures. This hindered rotation around
most other values [35]. The observed trend\iHg ; the C-O bond is expected to be more prominent in the

going from R= Me to t-Bu can be explained by an cases where R= Et, i-Pr, andt-Bu. It is hard to give
increase in the polarizability of the alcohol molecules a magnitude of the actual contribution of the
as can be seen in Fig. 2. Cl™ - - - H—CH,OH interaction. Some insight may be
For R = i-Pr the literature values dfH® andAS® gained from the Cl + (CH;),0 = CI™" (CH,),0
[7,26] are somewhat smaller than those from the equilibrium studied by PHPMS, which yielded

present work, while Yamdagni et al. find values for AH® = —7.5+ 0.2 kcal mol' and AS® =
R = t-Bu that are very different from the present —15.3+ 0.5 cal mol't K1 [72]. The AH° value is
work [2]. almost identical to the theoretical value obtained by

The deprotonation enthalpy of HCI is much Smith et al. [73]. At the MP2[cc-pVTZ 3s3p2d/
smaller than the gas phase acidities of the four alcohol D95+ x#x]//MP2[D95+*/D95+x*x] level of theory,
molecules [68,69] and consequently QHOR) are they obtained an ion—-molecule complexation energy
the only qualitatively correct representations for these of —7.56 kcal mol'X. This result shows clearly that
systems. Larson and McMahon found that for both F  the CI” - - - H-CH,OH interaction is expected to be
(HOR) and CI' (HOR) systems, there are linear relatively small. For R= Et, i-Pr, andt-Bu, the
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CI~ - - -H-C interaction is expected to be somewhat
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cm ! are introduced [48]. It is very likely that there

stronger, mainly because of the shorter distance be-will also be a minor contribution from the change in

tween the chloride and the methyl hydrogen atom.
This seems to be reflected in theS° values for the
Cl” + ROH = CI"(ROH) equilibrium clustering
reactions. Going from R= Me to t-Bu, —AS’ in-

the standard rotational entropf Sy, predominantly
caused by hindering of internal methyl group rota-
tions.

In light of the possibility that the methanol mole-

creases as it did for the fluoride alcohol clusters and cules are fairly mobile, other structures were exam-
the values are of the same magnitude. The fact that theined. For the disolvated chloride two structures were

CI” - - -H-OR bond is less strong than the F- - H—
OR bond might be partly compensated for by a
somewhat stronger Cl- - -H—C bond compared to
the F - - -H-C bond.

Surprisingly, only two theoretical studies onCI
(CH3OH) have been published in the literature. Hirao-
ka's ab initio molecular orbital calculations at the
HF/3-21G+d(0.75)level of theory found a methanol
chloride affinity of 16.2 kcal mol* [30] and this

calculated that are displayed in Figs. 6(b) and (c). The
structure that has hydrogen bonding between the two
methanol molecules, although only one methanol is
directly interacting with the chloride, has an energy
that is within 1 kcal mol* of the central halide
structure (Table 7). This result makes both isomers
competitive. These are only preliminary results, but
they illustrate quite clearly that for multiple sol-
vated halide alcohol clusters, several isomers might

value seems to be too low compared to the PHPMS contribute to the experimentally measured enthalpy
and ICR data. Recently, Berthier et al. calculated the and entropy. Consequently, a discussion on trends

binding energies of the Clonto methanol [23]. Their
calculations were performed at the MP2 and MP4

for enthalpy and entropy might have to be expanded
to include these hydrogen-bonded isomers (see

levels of theory, by using extended Gaussian basis below).

sets enlarged with both standard valence and semi-

diffuse coulomb polarization orbitals. At the highest
levels used, the chloride affinity of methanol was
calculated to be 17.5 kcal mot (14.9 kcal mol?,
including the basis set superposition error (BSSE)
correction).

Xantheas calculated at the MP2/aug-cc-pVDZ
level of theory the normal vibrational frequencies of
ClI~(H,0), clusters i = 1-3) [48] and in order to
rationalize entropy trends in a qualitative manner, a
similar discussion as for the fluoride water clusters
can be given by using the abovementioned data.

The CI"(ROH) + ROH = CI" (ROH), clustering
equilibria show identical trends as the (ROH) +
ROH = F (ROH), series. Going from R= Me to
t-Bu, both—AH® and —AS° will increase. It may be
speculated that the increase #AS° is mainly be-

The AH° values of the CI(ROH), + ROH =
Cl~ (ROH); clustering equilibria show the expected
decreasing trend going from R Me to t-Bu. For
R = Me the value is very close to the PHPMS value
by Evans et al. [9]€10.5 versus-10.8 kcal mol %),
but both are somewhat smaller than Hiraoka's
PHPMS value of-11.8 kcal mol* [7]. For R = Et
to t-Bu, theAH?® values obtained by the present work
are systematically somewhat larger than the literature
values [7]. The observed trend is very similar to the
trends observed for the CIROH/(0,1) and (1,2)
clustering equilibria.

From molecular beam depletion spectroscopy
[74,75], infrared photodissociation experiments
[76,77], and theoretical calculations [78—80] it has
been shown that for the neutral methanol trimer, the
lowest energy configuration has a planar ring struc-

cause of a change in the standard vibrational entropy, ture. This may also be true for the neutral ethanol

AS}, caused by low frequency intermolecular and
intramolecular vibrations. Calculations by Xantheas
at the MP2/aug-cc-pVDZ level of theory show that by
going from CI"(H,0) to CI" (H,0),, two new normal

vibrational modes with frequencies smaller than 200

trimer. For thaso-propanol trimer it is hard to say and
it definitely seems very unlikely for the neutral
tert-butanol trimer [81]. Weinheimer and Lisy
showed by VPDS experiments that for both the
Cs"(H,0); [82] and Cs (CH3OH); clusters [83], two
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(CH,OH),**-Cl

‘_% 3.606

CH,OH--CI ***HOCH,

Fig. 6. Optimized geometries at the DFT B3LYP/6-31G(d, p) level of theory for: (a) F(CH;OH),, (b) CI (CH;OH),, (c)
Cl~ (CH,OH)(CH,OH) (all distances in A).

structural isomers exist simultaneously. It seems rea- with respect to three nonbonding methanol molecules,
sonable to speculate that perhaps for thg ROH), is calculated to be-16.0 kcal- mol~*, as shown in

(X = ClI, Br, I; R = Me, Et,i-Pr) clusters, structural  Eg. (10) [80]. By the present study it was determined
isomers are possible and actually exist [81,84]. that three methanol molecules bind to iodide with an
Whether they are, in fact, generated in the high enthalpy of —29.1 kcal- mol™%, see eq. (11). This
pressure ion source environment is another question.equation assumes that the three methanol molecules
The binding energy of the neutral methanol trimer, will bind equivalently to iodide.
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3 CH,OH = (CH5OH), (10)
AH°=-16.0 kcal mol*
I~ + 3 CH;OH = | (CH5OH), (11)
AH°=-29.1 kcal mol'*

By using PHPMS experiments, it will be impossible
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including the surprisingly few literature values as
well. As shown previously for the corresponding
fluoride and chloride alcohol clusters, there will be a
slight increase in- AH® going from R= Me tot-Bu

for Brr + ROH = Br (ROH). In Fig. 2 it can be
seen that for Br and I” there is not an identical linear
relationship betweea and AHg ; (X~ ROH) as for
F~ and CI'. For Br and I, the standard enthalpy

to measure the enthalpy change of iodide binding to a changes are more or less constant for all four alcohol

neutral methanol trimer [eq. (12)].
I~ + (CH3;0H); = |7 (CH3;0H),4 (12)

The I (CH;OH) (CH;OH), complex is, of course,
also a possibility that may not be ruled out. As

mentioned before for Eq. (12), the standard enthalpy

change for the formation of (CH;OH) (CH;OH),
from I (CH;OH) and (CHOH), is unknown for Eq.
(13).

|~ (CHzOH) + (CH30H), = | (CH;0H)(CH;0H),
(13)

VPDS experiments on halide alcohol clusters will
be an excellent method to investigate this. The
results may give more insight into the origin of the
entropy values [81]. Recently, Okumura and co-

workers observed both hydrogen-bonded and free

OH stretch modes of CKH,0), (n = 1-5) by
VPDS [42].

The —AS° values for the four different
ClI"(ROH), + ROH = CI" (ROH); clustering equi-
libria increase going from R= Me to t-Bu. Com-

molecules. This can be explained by the fact that the
halides become polarized by the permanent electric
dipole moment of the alcohol molecule. As expected,
—AH?® decreases going from (0,1) to (2,3), but the
change is smaller than for Fand CI". This is not
surprising, considering the radius of BrThis larger
radius may give rise to both a weaker Br- - H-OR
and Br ---H-C interaction compared to Cl
mainly caused by the larger distance. Consequently,
the intermolecular frequencies might shift to lower
values and the —CHrotations may become less
hindered. When-AS® values are compared for chlo-
ride and bromide alcohol clusters, it can be seen that,
in general, they are larger for Cithan for Br . This
means that the above-stated hypothesis seems quite
reasonable. The—AS® values for the different
Br (ROH), + ROH = Br (ROH),,,; clustering
equilibria are, in general, more or less constant for
n = 0-—2.This might be interpreted in a sense that all
alcohol molecules bind in a more similar manner to
bromide than they do to chloride.

Tanabe et al. calculated the vibrational frequencies
of Br~(CH;OH) at the MP4-SDTQ/MP2-D95 level of
theory [34]. Three vibrations were calculated to be

pared to the literature values, the present work gives pejow 200 cm® (88, 100, and 169 cit). The

AS° values that seem too low. For R Ettot-Bu, the
—AS’values are larger than the literature data [3,7,9].

bromide affinity of methanol{ AH34g ] Was calcu-
lated to be 12.9 kcal mot, close to 12.3 kcal mot

From other data it could already be concluded that that was calculated by using the DFT B3LYP/6-

there is quite a spread in thaS® values of the

investigated systems. This is not surprising, consid-

311+G(d,p) level of theory. Both values are less
negative than all experimentally determined values

ering the uncertainties in the standard entropy [30,35]. The G2 value of 13.5 kcal mot is much
changes. As a consequence, making quantitative closer to the experimental value than the present DFT
comparisons of the different data sets is a speculative result and the Tanabe et al. result.

exercise.
In Table 3 the results for the B(ROH),, + ROH
= Br (ROH),,; clustering equilibria are shown,

For Br (H,0), clusters, it has been shown by
performing molecular dynamics simulations, that
these systems can be represented by bromide lo-
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cated on a water cluster surface [46]. This is mainly
because of the large radius of BrAlcohol mole-
cules are also able to form hydrogen bonded net-
works like water molecules do, although less ex-
tensive [80].

For the ' + ROH = | (ROH) clustering equi-
libria, a similar trend is observed as for the three other
halides. The values a&fH® in Table 4 are in absolute
magnitude smaller than the corresponding Balue
for all four alcohol molecules. The larger radius of |
compared to Br is mainly responsible for this.
Except for the T/CH;OH/(0, 1) system, the present
values of AH® are larger than the PHPMS data by
Caldwell et al. and Hiraoka and co-workers [5,30].
The EPDSAH® value of —14.4 kcal mol * definitely
seems too large [35]. Going from R Me to Et,
Caldwell et al. observed a small increase—+iAH®,
whereas for R= Et to t-Bu it remains constant. A
similar trend is observed in this work, except the
absolute magnitudes are larger. The FT-ICR value for
AH® of —14.4 kcal mol * for R = Et by Tanabe et al.
also seems too small for what might be expected.

These authors mentioned that especially adducts of

Br~ and " with large neutral molecules readily
undergo dissociation induced by thermal radiation in
the FT-ICR cell [85—-88]. This may introduce some
extra uncertainties in these values. Except foER
Me, no data in the literature are available for the (1,2)
and (2,3) clustering equilibria. For R Me, the
—AH®° values obtained from Hiraoka's PHPMS ex-
periments [30] are larger than our present data,
although both sets of data show more or less similar
trends.

Going from R= Me tot-Bu, —AH? increases for

both the (1,2) and (2,3) equilibria. The increases are

smaller than for the corresponding Bdata, mainly
because of the larger Iradius. In the T(ROH),5
clusters, the alcohol molecules are probably very
mobile, mainly because of the small binding enthal-

pies. The presence of equivalent alcohol molecules

within the iodide alcohol clusters is a reasonable
possibility. The occurrence of neutral dimers and
trimers within the reservoir and high pressure ion

source seems very unlikely, especially at the temper-

atures used for most experiments.
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For the I'(ROH), + ROH = |I"(ROH),, , clus-
tering equilibria measured, in general, theAS®
values increase going from R Me to t-Bu. For all
four alcohols used;-AS® decreases going from (0,1)
to (2,3). Hiraoka and co-workers observed that for
R = Me going from (1,2) to (2,3)AS° remains more
or less constant [30]. For (0,1) to (1,2), on the other
hand, they observed quite an increase-inS°. Our
AS° values for the (0,1) equilibria are, in general,
larger than the data by Caldwell and Hiraoka [5,30].
The lack of theoretical calculations makes it very hard
to speculate on the relative contributions to the
entropy changes within the (ROH), complexes. It
seems reasonable to assume that the changes in the
rotational and vibrational entropy will be small. This
is mainly due to the weak'l---H-Cand I - - - H-
OR bonds. The assumed relative high mobility of the
alcohol molecules might result in smaller than ex-
pected entropy changes.

5. Conclusion

In this paper we have presented the results from
both experimental and computational work on halide
alcohol clusters. The data for systems previously
investigated by other groups are, in general, con-
firmed by the present study. For the higher order F
Br—, and I alcohol clusters, no reference data were
present. The consistency in the observed trends gave
us confidence that these new values are of the proper
magnitude.

The trend inAH® going from R= Me tot-Bu can
be rationalized by an increase of the alcohol polariz-
ability in the ion-induced dipole term. For % Fto |,
—AH?® decreases mainly because of the increased
halide radius. By addition of more ligands;AH®
decreases mainly by a larger dipole-dipole interaction
between the alcohol molecules.

In addition, a linear correlation has been found
between the gas phase acidity differences of ROH and
HX [AH,;{(ROH) — AH_,{(HX)] for X = F, ClI,
and Br and all four alcohols, and the negative standard
enthalpy changy of the association reaction X
ROH = X~ (ROH) [-AHg ;(X"/ROH)]. This cor-
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Table 9
Summary of experimental and calculated entropy changes for some selected halide alcohol clustering equilibria

AS° @ CalculatedAS®
X ROH (n,n+1) Experimental Calculated ASH s ASY, ASO,
F CH,OH 0,2) —234*+1.2 —22.6 -33.3 +4.4 +6.3
F CH,OH 1,2-2) —24.6+0.8 -234 —34.8 -16.4 +27.8
Cl CH;OH 0,1) -24.0+0.7 -19.2 —34.4 +5.9 +9.3
Cl CHZOH 1,2-2) -228*+1.1
Cl CH;OH (1,2-1) —29.6 -35.1 —15.2 +20.7
Br CH;OH 0,1) -21.9+04 —19.5 —35.4 +6.7 +9.2
Br C,HsOH 0,2) -19.8+0.4 —-20.0 -36.1 +4.8 +11.3
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