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The gas-phase clustering equilibria of halide ions to a homologous series of alcohol molecule$]&R

= X7(HOR) (X =F, CI, Br, I; R= CHs, CH3;CH,, (CH3),CH, (CHs)3C), have been investigated using ab
initio (MP2(full)) and density functional theory (B3LYP) computational methods. For both methods, extended
basis sets, including diffuse and polarization functions for all atoms and anions, excepté¢ used. Forl

three different effective core potentials (ECP) were used to test their suitability for these systems. Comparing

the AH3,, and AS)g values obtained with various experimental data indicates that the MP2 and

MP2//B3LYP methods perform best. Structural and spectroscopic features, as well as charge distributions,

show interesting trends for the various KIOR) complexes, and the intrinsic contributions of the halide ions

and the alcohol molecules to these trends are discussed. Finally, two-dimensional potential energy surface

scans were performed for the #|HOCHs;) complexes at the MP2/6-31HG(d,p) level of theory. These

surfaces reveal the asymmetric nature of the potential energy surface for the heavier halide ions, and the

“floppy” nature of all the halide ion adducts.

Introduction comparing these data with results from bare or nonsolvated
ions15180One of the most extensively studied phenomena with
halide ion-water clusters is the occurrence and possible
competition between interior and surface solvation. Most
information to date has been obtained from ab inii-*°and
molecular dynamics computatioffsbut recently, ion spectros-
copy has also been used to prove existence of features that had
been either speculative or based upon computaffsngk.m.21

electrochemistry the degree of ion solvation determines the ion FOT the last three decades an impressive amount of data on ion
activity and mobility, and consequently the conductivity of the S°lvation in the gas phase has been obtained that has proven to
electrolyte solutions. In biochemistry one of the most important 0€ useful use in many diverse field of sciefféédost of these
solvation phenomena is the solvation of zwitterionic amino acids data deals with relatively small systems, but the fundamental
which renders these species significantly more stabilized thanknowledge obtained from these small systems can, by analogy,
their uncharged isomet&Insight into solution phenomena has ~ €asily be used for larger, more practical systems. One example
been gained from thermodynamic measurements for the transfets the field of supramolecular chemistry, where the development
of ions from the gas phase into the condensed phase, or fromof anion specific hostguest systems is gaining more interest
one solution to another. The most common quantity experi- and importancé? Understanding these systems in the condensed
mentally investigated is the free energy change of tran&f@g, phase would be difficult without the full understanding of
and a large amount of data concerning many different ions andsmaller systems in the gas phase and in micro-solvated
solvents has been obtain&dThese free energies of transfer environments. There are still many features that have not
frequently reveal the importance of hydrogen bonding in ion received sufficient attention. Recently there has been a renewed
solvation. Water is the most common solvent and many of its interest in halide ion-alcohol complexes, both experimentally
unique chemical and physical properties are determined by theand theoretically#1*.¢24The polar, mono-protic alcohol mole-
hydrogen-bonded network. Halide ions, especially chloride ion, cules do not form extensive, hydrogen-bonded networks such
are among the most common anions present in nature, andas water molecules. One of the main questions for these systems
consequently halide ierwater interactions are among the most  js, whether interior solvation will take place in the larger halide
extensively studied systeris!®Gas-phase ion chemistry has, jon-alcohol clusters. Carbacos et al. recently showed, by vibra-
for many decades, played an important role in studying ionic tional predissociation spectroscopy (VPDS) o (EOCHs),
clusters and powerful techniques to generate and study micro-g sters; that fon = 4 one of the methanol molecules is bonded

EOII\Iiatt)eﬂ ior_lic flpecti)es havl;e b_eeg dbev(;algﬁé{luch iTSight i?fto to one of the three other methanol molecules that make up the
ulk behavior has been obtained by deducing solvent effects aty, .44 first solvation shell around chloride .1t then

a microscopic level. Th|§ has been done by Investigating the would seem to be a logical step for future VPDS experiments
thermochemistry, reactivity, and structures of solvated ions, and, . . - L
to find out whether this asymmetric solvation is dependent on

* Corresponding author. Phone: (519) 888-4591. Fax: (519) 746-0435. POth the shape of the alcohol molecule and the type of halide
E-mail: mcmahon@Uwaterloo.ca. lon.

In the condensed phase, solvent effects are among the mos
important factors that determine structueetivity relationships.
Examples include the lifetimes of biradicdlsthe (non-)
occurrence of exciplexésthe energies of excited statethe
reactivity of nucleophiles and leaving grouldsion-pair separa-
tion 8 acidities and basicitiesphotosentizatiof,and finally the
effects on {§1, S2, E1, and E2 types of reactiofisi? In
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In the present work a systematic computational study has been LO64A 1339 A 10634 13744
performed on mono-solvated halide ion-alcohol complexes. For
most of these species little or no computational data were
previously available. In some cases the available computational
data were obtained at higher levels of theory than the work
presented here. One of the objectives was to find a level of
theory that is relatively fast, and that can reproduce experimental
data for halide ion-alcohol complexes well. Mono-solvated
halide-ion alcohol complexes of course cannot be considered
good model systems for halide-ion solvation, but if it will be
possible to model mono-solvation accurately by obtaining, for
instance, reliable thermochemical data, extension to larger
halide-ion alcohol complexes can be made with more confi-
dence. Those results may provide an accurate input for modeling
the kinetics of the thermal unimolecular dissociation of halide
ion-alcohol complexes, and to help in interpreting VPDS

experiments of halide ion-alcohol complexes. Figure 1. Optimized structures of RHOCHs) (A), CI-(HOCHs) (C)
In addition, more insight into the details and trends of the (MP2/a), F-(HOCH(CHs),) (B), and CF(HOCH(CHy),) (D) (B3LYP/
structures, the IR spectroscopic characteristics, and the electronid).
nature of the hydrogen-bond formed would be desirable. For
these kinds of systems it seemed most logical, a priori, to use
theoretical methods that include electron correlation, and
consequently the MgllerPlesset second-order perturbation
theory including all electrons (MP2(fullfy,and the Becke three-
parameter Lee, Yang, and Parr nonlocal, exchange correlation
functional (B3LYP¥® seemed good choices in this respect. As
well, these methods had been successfully applied to similar
systems in the pagtb.c.24ac.27 The MP2 method is a very time
and memory intensive methfidcompared to B3LYP, and its
use is limited to systems containing a relatively small number 165
of heavy atoms. The B3LYP method, on the other hand, can Br-
handle relatively large systems well, while using a relatively
small amount of CPU time. Extended basis sets including 160 : : : : : : : ]
polarization and diffuse functions were used since these have 100 125 150 1.75 2.00 225 250 275 3.00
been shown to model the relatively weak noncovalent interac- -
tions within the halide ion-alcohol complexes relatively well. R(X™~HOCH;) (A)
Finally, two-dimensional potential energy surface scans were Figure 2. Plot of the MP24 ([a/€] for X =1) calculated X ---HOCH,
performed on the halide ion- methanol complexes to try to obtain E;itgrg,i’ R(X--HOCHy), versus the X:--H-OCH, angle, A(X
LT . : o ) (X =F, Cl, Br, I).
some insight into the possible dynamics of halide ion-methanol
complex formation, and the dynamics within the halide ion-
methanol complexes. and 0.9648 (X = F, Cl, Br; R= CHs, CH,CH3) were used.
For I, the LanL2DZ ¢),%¢ Stuttgart RLC ECP €),%” and
CRENBL ECP f)38were use#f in combination with the various
basis sets for hydrogen, carbon, and oxygen. Natural population
analysis (NPA) chargé$ were calculated for the RHOR)
and Gaussian 98 suites of programs on a Digital Equipment comPplexes (R= CHs, CH,CHs, CH(CHy)z, C(CH)g) at the
Corporation (Compag) computer (model Enterprise 2100 Alpha B%LYP/b and MP2&//B3LYP/b levels of theory, and for
Server) with 4 CPU's (EV5 at 250 MHz), physical memory of X (HOCHs) complexes (X=F, Cl, Br, 1) at the MP24 ([a/e]
1GB, local storage of 28 GB, and Digital Unix 4.0 as operating [0F X = 1) level of theory.
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Computational Methods

All computations were performed using tiBaussian 9%°

system. Potential energy surface scéh$or the X" (HOCH;s) com-
The following different computational procedures were used. Plexes were performed as follows. -
For all systems studied B3LYPgeometry optimizations and The structures of the XHOCH;) complexes were optimized

frequency computations were performed using the 64331  at the MP24 ([a/€] for X = 1) level of theory. Following this,
(d,p) () basis set! as described previoush?2 Single point a z-matrix was constructed with two variables: (1) the
energy computations on these B3LYP optimized structures wereX ***HOCH; distance (R), and (2) the X:*H—OCH; angle
performed using MP2 in combination with the 6-31#+G- (A) as indicated in Figure 5. A total of 352 (% F) or 432 (X
(d,p) b) basis se#2 or using B3LYP in combination with the = Cl, Br, 1) single point energy calculations were performed at
6-311++G(3df,3pd) €) basis set® For the four halide ion-  the same levels of theory used to optimize the structures of the
methanol complexes and fluoride ion-ethanol complex, ad- X (HOCHs) complexes by varying R and A between certain

ditional computations were performed at the M@PRvel of values (see Figure 6). No new geometry optimizations were
theory. At this level, harmonic normal mode vibrational Performed for each step during the scan.
frequencies were scaled by 0.948& obtain thermochemical The calculated standard ambient enthalpy and entropy changes

data. For the B3LYP computations, scaling factors of 1.6800 (AH3y, and AS), respectively) of the halide ion-alcohol
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Figure 3. Plot of the MP24 ([a/e] for X = I) calculated negative
NPA charge on the halide;q(NPA)(X"), versus the negative standard
ambient enthalpy of association to form~(KOCHs), —AH3.
(X~(HOCHg)) (X = F, Cl, Br, ).
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Figure 4. Plot of the MP24 ([a/e] for X = ) calculated negative
standard ambient enthalpy of association to form(BKOCH;),
—AH3g5 (X" (HOCH)), versus the X:+*HOCH; and H-OCH; nor-
mal mode vibrational frequencies(X --*HOCHs) andv(H—OCH;),
respectively (X=F, Cl, Br, I).

clustering equilibria (eq 1) were determined by using the
following equations (eqs-24),

X~ + HOR= X" (HOR) (1)
H 0= E°, o+ ZPE+ [["C(T)dT+RT  (2)
206C,(T) dT
S =S0t Jo ID-|— ©))
R(9°In Q
cM== + 4
o(T) 2 a(l/'r)z) (4)

whereCy(T) is the heat capacity at constant pressure, @risl
the total molecular partition functiolH3,, andAS;4s for eq 1
are then calculated using eq 5 and 6.

AH® 0= H®,o X" (HOR)) — H®,o(X") — H°,o((ROH) (5)

AS 155 = S ,of X (HOR)) = S,0(X ) — S ,4fROH) (6)
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Figure 5. Plot of the MP2&/B3LYP/b calculated negative standard
ambient enthalpy of association to form ~“(KOR), —AH3q
(X~(HOR)), versus the B3LYB/X~:-*HOR and H-OR normal mode
vibrational frequencies;(X---HOR) andv(H—OR), respectively (X
= F, ClI, Br; R= CHjz, CH3;CH,, (CH;3).CH, (CHs)3C).
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Figure 6. Definition of the X ---HOCH; distance, R(X:-*HOCHg),
and the X--*H—OCH; angle, A(X :--H—OCH), parameters used for

the two-dimensional potential energy surface scans at the aMpa/
€] for X = 1) level of theory (X=F, Cl, Br, I).

Results and Discussion

Structures. The structures of the XHOR) complexes
provide interesting features that give more insight into the
observed thermochemistry of XHOR) complex formation.
Structures of the X(HOCH;) complexes have been published
in the pas&’ac42b which show minimal basis set effects. In
Figure 1, the MP2 structures of F(HOCH;s) and CH(HOCHg),
and the B3LYP$ structures of F(HOCH(CHs),) and
ClI~(HOCH(CHg),) are shown. These were chosen, since in
going from X= F to Cl, and from R= CHj3 to (CHs),CH the
largest structural changes take place in the-HOR bond
distance and the %--H—OR bond angles. The MP2([a/d]
for X =) structures of X(HOCHs) show an interesting feature.
Going from X = F to Br the X---HOCHs; bond distances
increase, while at the same time the-¥H—OCH; bond angles
decrease as shown in Figure 2. Both these changes are mainly
due to the increase in size of "X which will allow more
interaction with the permanent dipole moment of O as a
result of the decrease in importance of a nearly linear hydrogen
bonding interaction with the OH group. Going from=XBr to
| one would expect an increase in thexHOCH; bond
distance and this indeed occurs, but instead of a further decrease
of the X --\H—OCH; bond angle an increase is observed,
causing a break in the plot. The most likely explanation may
be that I is so large that repulsion with the methyl group
hydrogen atoms is becoming so strong thaisl being pushed
back. Changes with respect to1®R bond length going from
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ROH to X (HOR) (AR(H—OR)) for X=F, Cl, Br, | and R=
CHas, CH3CH,, (CHg),CH, and (CH)sC can be observed that
are directly related tAAH5y5 and frequency shifts in HOR
normal mode vibrational frequenciea(H—OR)). For the

Bogdanov and McMahon

AH3q andAS’ andAS,yq especially for T(HOCH;z) where I
basis set effects are clearly observable.

Comparing these computations with other experimental results
from various methods also aids in the understanding of the

I7(HOCHs) complexes small differences can be found and these general performance of the different methods used for this study.

may be attributed to1 basis set effects. Comparing the MP2
and B3LYP structural results for GAH and the four
X~(HOCH;) complexes, only small differences are noticeable.
They occur mainly in the X ---HOCH;z; bond distance, with
B3LYP results in general being a fraction larger0(013 A,
+0.051 A,+0.028 A, and+0.019/0.026 A for X= F, CI, Br,
and | ([a/d]/[a/€]), respectively). These differences are small
enough to justify the use of B3LYPB/structures for MP2//
B3LYP/b single point energy computations. As for the MP2
computations on1(HOCHg), the B3LYP structures also show
some variation depending on the basis set forThese small
structural differences cannot explain the large differences in
AH3gs The B3LYPb structures for X(HOR) (X = F, CI; R

= CH3CHj, (CHg),CH, (CHs)3C) show that for both going from

R = CH3CHj; to (CHs)>CH a slight increase in the X:-HOCHs;
bond distance occurs. The main difference between tid®R)
and CI(HOR) complexes is that for X F the X"---HOR bond
angle decreases from R CH3CH, to (CHs),CH, while for X

= Cl it increases slightly.

Thermochemistry. In Tables 1 to 3 overviews are given of
the computational results for association thermochemistry,
together with all available experimental literature dégé#a.c.27¢.42
The AH3,, data from the MP2 and MP2&/B3LYP/b com-
putations for the formation of XHOCH;) (X = F, Cl, Br) and
F~(HOCH,CHs) are identical. In general it took less CPU time
to do the MP24//B3LYP/b computation than to do the MR2/
computation. Comparing th&HS5,, data MP24 ([a/d] and
[a/g] for X = 1) with the B3LYPhb results (p/d], [a/€], and
[a/f] for X I) for computations for the formation of
X7(HOCH;g) (X = F, ClI, Br), in general the MP3/values are
more negative than the B3LYIPAalues (except for X= F).
The MP2& and B3LYPb AS}g values for the formation of
F~(HOCH;) and Br (HOCHg) are in excellent agreement, while
for F-(HOCH,CH3) and CI(HOCH;) there is a small differ-
ence. The MP24/d] and [a/e] AH3yg results for F(HOCH)
show a large 1 basis set effect, while for thAS,, results
there is no real difference. This large basis set effect on the
AH3gg results for the BALYP computations remains, wihe]

If +£1.0 kcal mol?! is taken as indicating good agreement
between computational and experimental values, it can be
concluded that the MP&//B3LYP/b method performs best
overall. There is a good agreement with most PHPMS (88%),
EPDS (50%), TCID (50%), ICR (38%), and FT-ICR (100%)
data. B3LYPb performs much more poorly with good agree-
ment only in 75% of the TCID and ICR data, while B3LYP/
c//[B3LYP/b in general agrees poorly with all experimental data.
To compare the calculatellSy values withAS’ values from
other experiments, it can be seen from Tables 1 to 3 that only
HPMS and PHPMS experiments provid&’ data. Most HPMS
data are in poor agreement with all calculations, and conse-
quently they will not be considered here. TA& data from

ICR experiments are actually values calculated from simple
statistical mechanics, and these were only used as estimates. In
general there is good agreement between the MR2rd
B3LYP/b AS values and the corresponding ICR values for
most X (HOR) (X = F, ClI) clustering reactions. The spread in
AS’ values from PHPMS for C(HOR) is fairly small, and
consequently the same argument applies as in comparing
AS}4s and ourAS’ data. For Br(HOR) and IF(HOCH) there

are too few PHPMSAS® values available to have a useful
comparison. A general conclusion for these systems could be
that it depends on the method used and the data set in order to
get a good or reasonable agreement.

All BALYP/b AH34 and AS}gg values were calculated using
a scaling factor of 1.0000 as described above. For some
X~(HOR) systems (%= F, Cl, Br; R= CHs, CH,CHs) AH3q4
and AS)y; were also calculated using a scaling factor of
0.9640. ForAH345 in general this resulted in a change0.1
kcal molt, while for ASy, there was a change 6f+0.2 cal
mol~1 K1,

Other Computational Work. Various studies have been
reported in the literature which deal with halide ion-alcohol
molecule complexes. However, the focus here will be confined
to high level ab initio results. KHOCH;z) has been the subject
of several computational studies. The closest result to our
PHPMS data is from MP2(full)/[13s8p6d4f,8s6p4d)( +

performing the best compared to experimental results. For ccsp(T)/Qz¢-)(2d,2p) computations by Wiadkowski et al.

AS4g the results ofé/d] and [a/€] are nearly identical, while
for [a/f] it is quite different, as was the case for tidH5y,
values. Use of a modified LanL2DZ basis $&the Stuttgart
Dresden ECP basis set (SSB)r Truhlar's SV2P- basis set
might improve result$®> Comparing AH3, results for
B3LYP/b and B3LYPt/B3LYP/b computations show that there
are no real improvements. Only for (HOCH(CHs),;) and
F~(HOC(CHs)3) the AH3,4 values get—2.7 and —1.1 kcal
mol~! more exothermic, respectively.

Computations vs Experiments.lt is of interest to compare
the present computational results with pulsed-ionization high

(AH3gg —30.0 kcal mot?1).27b Other computations on
F~(HOCHg) include G222 and MP4(SDTQ)(fc)/6-3%+G-
(d,p)/IMP2(full)/6-31H-+G(d,p)272but, surprisingly, these very
high level computations do not give results that are more
accurate, than for instance, our MB2B3LYP/a results. It is
possible that G2(MP2X) (plus ECP for Br and I containing
complexes) would be more accurate than*&Recently DeTuri

et al. published results orFHOR) complexeg?#c At the MP2-
(fc)/6-3114+-G(2d,p)/IMP2(fc)/6-31G(d}- (ZPE+ ACp(298 K)

at the HF/6-31G(d) level of theory, and using a scaling factor
of 0.8953) they found\H3qg values of—31.8, —25.5, —33.7,

pressure mass spectrometry (PHPMS) data from this laboratory.and—33.2 kcal mot? for CH;OH to (CHs)sCOH, respectively?

The motivation to do so is based on the fact that previously

With the exception of the unusual HOCH,CHa) result, the

published PHPMS data from this laboratory comprise the most general trend is quite reasonable. These computations could be

extensive study on halide ion-alcohol clusters to déte.
From Tables £3 it can easily be observed that, in general,

improved by using HF/6-3t+G(d,p) for ZPE+ ACp(298 K),
and MP2(full)/6-3#G(d,p) for the geometry optimizations, but,

there is good to excellent agreement between our PHPMS dataon the other hand, this would make the computations more time-

and the results from MP2and MP24//B3LYP/b computations,
but that in some cases B3LWPalso performs very well. Some
inconsistencies exist between the agreementA&f° and

consuming.

For the Ct (HOR) complexes only data for QHOCH;) and
ClI7(HOCH(CH),) are available. Berthier et al. used MP2(fc)
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in combination with extended Gaussian basis sets enlarged withmoment of methanol that is aligned between the@and O-H
both standard valence polarization orbitals and semidiffuse bonds (and not along the-&H bond). As mentioned earlier,

Coulomb polarization orbital®d For CI-(HOCHs) and CF - for the F(HOR) complexes partial proton transfer seems
(HOCH(CH),), AH%ggvalues of—16.9 and—18.5 kcal mot?, possible. A linear relationship has been observed between the
respectively, were calculated. These results are in excellentgas-phase acidity difference of ROH and H&cidH5q (ROH)
agreement with our MPa/B3LYP/b data. After a BSSE — AacidHg (HF), and the enthalpy change for the(HOR)
correction, final values of—14.3 and —13.9 kcal mot?, formation, AH®.17¢ Using AH3es for deprotonation of ROH
respectively, were obtained. obtained by DeTuri et al. from TCID experimert§;24and

This shows, that for our computations, BSSE may still be AH3., for deprotonation of HF (or betteDo(H*—F")) by
important, even though they have been neglected as indicatedMvartin et al. from threshold ion-pair spectroscopy experiméhts,
earlier. For Br(HOCH;) Tanabe et al. used a very extensive and our MP24//B3LYP/b AHS. values, a similar relationship
computation at the MP4(SDTQ)/[7s6p#BCP/DI5-G(p)]// can be obtained. None of these four systems qualifies as proton
MP2(full)//[7s6p4d-ECP/D95+G(p)] level of theory and found  transfer, but one would expect that if the acidity difference
a AH3,; value of —13.9 kcal mol?, in good agreement with  petween ROH and HF decreases, the amount of charge transfer
their FT-ICR resulé’® Nielsen et al. carried out computations  would increase as discussed above. For tHelBR) complexes,
on I7(HOCH) at the B3LYP/LanL2DZ- *! level of theory, ~ NPA charges were calculated at the M&B3LYP/Mb and
but unfortunately no thermochemical data were repofted.  B3LYP/b levels of theory (Table S5). In general, both methods
Thus, the various computations at high levels still give rise to show the same trends. For the MEZB3LYP/b, the NPA
results that may differ from experimental data. No HF results charge on F is approximately 0.029more negative compared
have been mentioned, however that does not mean that theyto B3LYP/b, while for H and O they are 0.04Imore positive
are necessarily unreliable. HF results on halide ion-alcohol and 0.05@ more negative, respectively. By looking at the
complexes have been reported that showed good agreement with\Hs__ and q(NPA)(F-) results (both at the MPa//B3LYP/b
experiments and higher level computatidffsalthough it was  |evel of theory), it becomes immediately clear that the above
very much system dependent. _ relationship only holds for RHOCHs) and F(HOCH,CHy).

Natural Population Analysis Charges vs Thermochemis-  For F-(HOCH(CH),) and F (HOC (CHy)s) the expected linear
try. The halide ion-alcohol complexes studied are mainly yg|ationship breaks down. This is due to the weaker, more non-
bound through iorrdipole and ion-induced dipole interactions, linear, hydrogen bond interactions, as evidenced by a slight

V(r), as given by eq 7 increase in the F#+-HOR distance. This is being compensated
4q cosO(r)  -ac? for by a stronger iorrdipole interaction and stronger polarization
V(r) = > + (1 ) interactions, due to the slight decrease in the#H—OR angle,
r 2r and a large decrease in the-FHC distance, respectively. In

. . comparison, F(HOCH,CH,CHjz) and F (HOCH,CH,CH,CH3)
Natural population analysis (NPA) charges calculated at the 5,14 have been much better to test the relationships between
M L o X ey ineoty for X (HOCTE) (X = AucidHes (ROM) — Aacidzag (HF), AHg, and—g(NPA)(F),
F, Cl, Br, 1), and MP24//B3LYP/b and B3LYPb orE (HOR.) because they would show similar bonding characteristics to
(R = CHs, CHiCHp, (CHy)2CH, (CH):C) show some interesting F~(HOCHs) and F(HOCH,CHs).5° Finally, some predictions
correlations between NPA charges on the halide ions and thebased on these NPA charges may be’made with respect to
standard enthalpy change for the(KOR) formation. In Figure isomeric dimer complexes. The NPA charges orafid O are
3 a plot of —q(NPA)(X™) vs —AH3,; at the MP24 ([a/d] for X : : . . . . i
— 1) level of theory for X (HOCHy) (X = F, Cl, Br, I) is shown almost identical, and so, based on simple—dipole interac

see Table S4). This linear correlation is expected from an tions, it would be possible to have two different isomers for
t(axamination of)éq 7I It Ishould be no;ed ;IOWZSer that for the the F(HOR), complexes, e.g. (ROH)RHOR) and F-
X~ (HOCH;) complexes it is not the only linear relationship that (HOR)(HOR). Steric repulsion between the bulkier alkyl groups

can be obtained from the computations. For the foufHOCHs) may make the first isomer more iavorable forR(CHs),CH
. . and (CH)sC. For X (HOCHg) (X = CI, Br, 1) the difference
complexes the difference between the standard deprotonation - :
! . in —q(NPA)(X™) and —q(NPA)(O) is such that the above
enthalpies of CHOH, AacidH5g (CHsOH), and the standard . . -

. . . - suggested options seem less likely, although it cannot be
deprotonation enthalpies of the corresponding acids of the fourexcluded completely. Manv factors will eventually determine
halide ions,AacidH345 (HX), is greater than zero. This means which structurgs mg' co- ){exist y
that the proton-transfer reaction (eq 8) o y (. ) i} .

Vibrational Frequencies. Scaling factors were introduced
X~ + HOCH;— XH + “OCH, (8) to the MP2& and B3LYPb harmonic normal mode vibrational
frequncies of CHOH in order to match the experimental
does not take place. From the data it is clear that, even thoughvalues>* These scaling factors were used for all subsequent
there is no proton transfer, the binding of a halide ion to an ROH and X (HOR) computations and in general good agree-
alcohol leads to some charge transfer from the halide ion to thement was found between our results, results from a scaled
alcohol. This results in an elongation of the-BCH; bonds quantum mechanical (SQM) force field methB8and the HF/
within the X" (HOCH;s) complexes compared to “free” GH 6-31G(d) (scaling factor 0.8953)¢ For CHsCH,OH, (CHg),-
OH. This elongation can, except perhaps for thHOR) CHOH, and (CH)3COH in general there is good agreement
complexes, not be considered as a partial proton transfer. Onebetween the MP2/ B3LYP/b and HF/6-31G(d) (0.8953)
would expect that in order to achieve efficient proton transfer, results. For the §FHOCH;z) complex frequencies, various results
a linear X --~H—0 bond would be most favorable. On this basis, have been published in the literat@fé272Pand most data show
except for F(HOCHg), the other three X(HOCH;z) complexes some spread in individual frequencies caused by basis set effects,
show less strong hydrogen bonding. This is due to the fact thatbut none of the methods used produced extreme deviations.
for X = CI, Br, and | the interaction is dominated by the Based on matching thermochemical data suchA&gg, it
interaction of the charge center with the permanent dipole would be hard to assess the quality of the vibrational frequencies.
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TABLE 1: Overview of Computational MP2/a, MP2/a//B3LYP/b, B3LYP/b, and B3LYP/c//B3LYP/b Plus Experimental
Thermochemistry for X~ + ROH = X~ (HOR) Equilibria (X = F; R = CH3, CH3CH,, (CH3),CH, (CH3)sC;

a = 6-311++G(d,p), b = 6-3114+G(d,p), c = 6-311++G(3df,3pd))

X ROH method AHZg AS method AH°2 AS P ref
F CH:OH MP2&a —30.9 —22.9 ICR —29.6 —22.6 17¢c
MP2/a//B3LYP/b —31.0 PHPMS —30.5+£0.7 —23.4+1.2 42a
B3LYP/b —31.6 —22.6 PHPMS —23.3 —25.0 42b
B3LYP/c//B3LYP/b —32.6 EPDS —29.6+£ 0.5 42c
TCID —29.4+21 24c
F CH;CH,OH MP2/a —32.1 —24.6 ICR —31.5 —24.9
MP2/a//B3LYP/b —32.0 PHPMS —32.4+05 —25.7+1.3 17¢c
B3LYP/b —32.4 —22.2 TCID —32.5+0.7 24a
B3LYP/c//B3LYP/b —33.6 24c
F (CHs),CHOH MP2&//B3LYP/b —33.2 ICR —32.2 —25.6 17c
B3LYP/b —32.5 —24.6 PHPMS —33.5+0.7 —26.2+1.3 24a
B3LYP/c//B3LYP/b —35.2 TCID —33.2+£ 0.7 24c
F (CHs)sCOH MP2&//B3LYP/b —34.1 ICR —33.3 —26.1 17¢c
B3LYP/b —33.4 —25.5 PHPMS —33.4+£0.7 —24.8+1.2 24a
B3LYP/c//B3LYP/b —34.5 TCID —32.7+£0.7 24c

a|n kcal mol™. ?In cal molr* K=, ¢ICR: ion cyclotron resonance. EPDS: electron photodetachment spectroscopy. HPMS: high-pressure mass

spectrometry. TCID: threshold collision induced dissociation. PHPMS: pulsed-ionization high-pressure mass spectrometry. FT-ICR: Bfaurrer tran

ion cyclotron resonance.

It would, of course, be better to have experimental vibrational
data on F(HOCH;s) and other F(HOR) complexes. Unfortu-

halide ion-alcohol thermochemistry, and the-¥HOR and
H—OR stretch vibrations of the different X\HOR) complexes.

nately these are not available, and the nature of these systemén Figures 4 and 5 these data are plotted for the MRR{/d]
(mainly due to the very strong bond involved) seems to prevent for X = 1) (—AH34, and frequencies) and MR2/B3LYP/b

the use of VPDS to obtain them. For the(HOR) complexes
(R = CHsCHjy, (CHg)2CH, (CHs)3C), only our MP24 (R =
CH3CH; only), B3LYPh, and the HF/6-31G(d) (0.8953) data
by DeTuri et al. are availabR¢¢ Once again the agreement is

(—AH34s and B3LYPb frequencies) results. As can be seen
for the MP2A results for X (HOCH;), excellent correlation
between—AH3,, and the X+-*HOCH; and H-OCH; stretch
vibrations has been obtained. This is in agreement with similar

in general good, except for the lowest vibrational frequencies experimental results by Ayotte et al. for ¥H,0) complexes

of F-(HOCH;) and F (HOC(CH)3). Our computations used a
hindered torsional methyl group rotation, while the HF/6-31G-
(d) results by DeTuri et al. were corrected for free methyl group

(X = CI, Br, 1).185 By using experimental VPMS data for
CI=(HOCHg) 21 and I-(HOCH),2'¢ and AH® values obtained
by PHPMS?#2 one would expect X--*HOCH; and H-OCHs

rotations, which is more accurate at temperatures normally usedstretch vibrations for X= F and Br to be 385 cmi and 2769
for these types of PHPMS experiments. Better agreement mightcm™, and 197 cm! and 3252 cm?!, respectively. For
be obtained by adding diffuse and polarization functions to the F~---HOCH; and H-OCH; (in Br-(HOCH)) these predictions,

hydrogen atoms. For the QHOCH;) cluster, experimental
VPDS data are availabfP and so this is an excellent
opportunity to test different theoretical models. For the inter-
molecular Ct---HOCH; stretch, Carbacos et al. found indirectly
a value of 232 cm?, while for the H-OCH; stretch a value of
3162 cmt! was obtained. Both the MP2/(199 cnt?) and
B3LYP/b (190 cnt?) results for the Ci---HOCH; stretch are
closer to the experimental VPDS results than the LMP2/cc-
pVDZ result (307 cm?) obtained by the same authors. For the
H—OCH; stretch the B3LYHRJ result is in very good agreement
(3186 cnt?) as is the LMP2/cc-pVDZ result (3198 cr), while

the MP2A results are somewhat off (3223 ch Unfortunately
for the other three C(HOR) complexes, and both B{HOR)
complexes no VPDS data are available. Comparing the MP2/
and B3LYPbh harmonic vibrational frequencies with results from
MP2(full)/[7s6p4d-ECP/D95H(p)] computationd’® shows vary-
ing agreement. For (HOR) (R= CHjs, CHsCHj, (CHs),CH),
recently VPDS data have been publisR&dScaled B3LYP/
LanL2DZ+ frequencies (based on matching thesOHf O—H

based on experimental data and assuming similar linear cor-
relations as obtained by computation, would be in excellent
agreement with our MPa/computations (380 cmt and 3247
cm~1, respectively). There is a notable deviation for 8CHs

(in F-(HOCHg)) and Br--*HOCH; which seems somewhat
strange. The X---HOCH; stretch vibrations cannot be observed
experimentally, but can be deduced from VPDS experiments
since they appear in a combination band with the ®CHz
stretch. This means that for (HOCH;z) and Br (HOCHs) bands

at 3154 cmt and 3449 cm! would be observed, respectively.

In Figure 5 it can be seen that a similar linear correlation exists
for —AH34g and the X-+*HOR and H-OR stretch vibrations
using —AH34 from the MP24//B3LYP/b level computations
and B3LYPb frequencies. For X(HOR) (X = F, Cl; R =
(CHj3)2CH, (CHg)3C) the H-OR stretch vibrations do not lie
on the line for the other X(HOR) (X=F, Cl, Br, I; R= CHg,
CHsCH,) complexes. This is caused by the fact that fo=R
(CHg3)>CH, (CHs)3C the X ---HOR stretch vibration is no longer

a simple motion. There is also a motion “toward” the £H

stretch in the gas phase) gave excellent agreement for both thegroups giving rise to a smaller than expected shift to lower

|~--+HOCH; stretch (166 cmt vs 157 cnt?) and the CHO—H
stretch (3331 cm! vs 3365 cn1?). It is difficult to determine
why the MP2/p/e] and B3LYP/]p/€] results are somewhat off,

wavenumber, based onAH3., Unfortunately no VPDS data
for these systems are available to test these computations. The
origin of the shift in H-OR stretch vibration in X(HOR)

since it seems they fit the other observed trends well. A different compared to “free” ROH is mainly the result of the increase

basis set fort, and introducing correction for anharmonic low-

frequency vibrational modes may improve this situation some-

what.
Vibrational Frequencies vs Thermochemistry.In Table 4
an overview is given of theAH3,, values for the different

the H-OR bond length in X(HOR) compared to “free” ROH.
This increase in bond length is of course relatedAtds,,,
which is related, as shown previously, to the amount of charge
transfer and the size of the halide ion. This relationship applies
to all MP2/& ([a/d] for X = I) computations for the X(HOR)
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TABLE 2: Overview of Computational MP2/a, MP2/a//B3LYP/b, B3LYP/b, and B3LYP/c//B3LYP/b Plus Experimental
Thermochemistry for X~ + ROH = X~ (HOR) Equilibria (X = CI; R = CH3, CH3CH,, (CH3),CH, (CH3)sC;
a = 6-311++G(d,p), b = 6-3114+G(d,p), c = 6-311++G(3df,3pd))

X ROH method AHZg& AS method AH° 2 AS P ref
Cl CH3OH MP2&a —16.6 —20.1 HPMS —14.1 —14.8 42d
MP2/a//B3LYP/b —16.6 HPMS —14.2 —14.8 42e
B3LYP/b —14.9 —19.2 ICR —16.8 —22.9 42f
B3LYP/c//B3LYP/b —14.9 PHPMS —17.5+£0.1 —22.0£0.2 429
PHPMS —17.4 —24.1 42h
PHPMS —-17.1+£0.1 —22.6£0.1 41i
EPDS —18.7£05 42c
PHPMS —17.5+£0.3 —24.0+0.7 24a
Cl CHsCH,OH MP2&//B3LYP/b —17.2 ICR —17.3 —23.1 42f
B3LYP/b —14.9 —19.5 PHPMS —17.6 —23.7 42h
B3LYP/c//B3LYP/b —155 PHPMS —17.9+0.4 —24.3+0.9 24a
Cl (CHz).CHOH MP2&//B3LYP/b —18.7 ICR —17.6 —23.3 42f
B3LYP/b —14.8 —23.2 PHPMS —18.3 —24.7 42h
B3LYP/c//B3LYP/b —15.3 PHPMS —19.4+£0.2 —27.1£0.5 24a
Cl (CHs)sCOH MP2&//B3LYP/b —19.5 HPMS —14.2 —10.3 42d
B3LYP/b —15.3 —23.7 PHPMS —19.2 —27.0 42j
B3LYP/c//B3LYP/b —15.7 ICR —18.1 —23.4 42f
PHPMS —19.8 —27.4 42h
PHPMS —20.2+0.4 —28.9+1.0 24a

an kcal mol™. ?In cal mol® K1,

TABLE 3: Overview of Computational MP2/a, MP2/a//B3LYP/b, B3LYP/b, and B3LYP/c//B3LYP/b Plus Experimental
Thermochemistry for X~ + ROH = X~ (HOR) Equilibria (X = Br, I; R = CH3s, CH3CHy; a = 6-311++G(d,p),

b = 6-311+G(d,p), ¢ = 6-311+G(3df,3pd), d = LanL2DZ, e = Stuttgart RLC ECP, f = CRENBL ECP)

X ROH method AH3& ASod method AH° @ AS P ref

Br CHz;OH MP2/a —14.6 —19.5 PHPMS —13.9 —17.6 42b
MP2/a//B3LYP/b —14.5 EPDS —15.1+0.4 42c
B3LYP/b —-12.2 —19.5 PHPMS —145+0.1 —21.9+0.4 24a
B3LYP/c//B3LYP/b —12.4

Br CHsCHOH MP2&//B3LYP/b —14.7 FT-ICR —14.4 27c
B3LYP/h —12.5 —19.9 EPDS —15.2+ 0.6 42c
B3LYP/c//B3LYP/b —12.6 PHPMS —14.1+0.2 —19.8+0.4 24a

CHsOH MP2/[a/d] —-17.7 —20.0 PHPMS —11.3 —17.8 42k

MP2/[a/€] —12.7 —19.6 PHPMS —11.2 -17.1 42b
B3LYP/[b/d] —14.4 —-17.6 EPDS —144+0.4 42c
B3LYP/[c/d]//B3LYP/[b/d] -15.2 PHPMS  —11.94+0.2 —20.6+0.5 24a
B3LYP/[ble] -10.1 -18.3
B3LYP/[c/e]//B3LYP/[ble] -10.0
B3LYP/[b/f] -165  —23.3
B3LYP/[c/f]//B3LYP/[b/f] -18.2

an kcal mol™. 2In cal mol* K.

TABLE 4: Overview of AH3, for the X~ + ROH = X~ (HOR) Equilibria, and the »(X~--*HOR) and v(H—OR) Harmonic

Vibrational Frequencies of the X" (HOR) Complexes (X=F, Cl, Br, I; R = CHj3, CH3CH,, (CH3),CH, (CH3)3C;
a = 6-311++G(d,p), b = 6-311+G(d,p), e = Stuttgart RLC ECP)

X ROH method AHZ2 y(X~++-HORY »(H—ORY
F CHsOH MP2A —-30.9 380 1988
F CHsOH MP24//B3LYP/b -31.0 374 1968
F C.HsOH MP2A -32.1 337 1761
F C.HsOH MP24//B3LYP/b —-32.0 319 1824
F (CHs),CHOH MP2&//B3LYP/b —-33.2 339 2044
F (CHs)sCOH MP2&//B3LYP/b —-34.1 356 2067
cl CH5OH MP2A -16.6 199 3223
cl CHOH MP24//B3LYP/b ~16.6 190 3186
cl C;HsOH MP24//B3LYP/b -17.2 160 3168
cl (CHs),CHOH MP2&//B3LYP/b -18.7 155 3220
cl (CH3)sCOH MP2&//B3LYP/b -195 139 321F
Br CH;OH MP2A -145 165 3347
Br CH5OH MP24//B3LYP/b —14.4 176 3288
Br C,HsOH MP2A//B3LYP/b -14.7 137 3268
| CH3OH MP2/fa/d] -12.7 135 3463
| CH3OH B3LYP/[b/e] -10.1 139 3402

a|n kcal mol™. °In cm. ¢ B3LYP/b frequencies? B3LYP/[b/e] frequencies.

complexes (X= F, Cl, Br, I; R= CHs, CH3CH, (X = F only)), the data for R= (CH3),CH and (CH)sC would deviate from R
and all B3LYPb computations for the X(HOR) complexes = CHz and CHCHjy, but by plotting AR(H—OR) vs Av(H—

(X = F, Cl; R= CHgs, CH3CH,, (CH3)>,CH, (CHg)3C). It was OR) this deviation disappears for all alkyl groups. The
surprising that when plotting AH34gvsv(H—OH) in X~ (HOR), magnitude of the X---HOR bond distance is directly related
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to AH3gg Which is further related to the size of the halide ion.

Bogdanov and McMahon

(R = (CHs3),CH, (CHs)sC) MP2/&//B3LYP/ computations
perform very well to obtain accuratAH3,, values. For T
several ECP basis sets were used and for both MP2 and B3LYP
the Stuttgart RLC ECPef performed best. Natural population
analysis charge computations for F{OCHs) at the MP24
level of theory show some charge transfer for all halide ions
that is related to thé\H34g values for the clustering equilibria.
For the F(HOR) complexes this relationship breaks down going
from R = CH3CH, to (CHs),CH because stronger F-HC
interactions become possible. Shifts in the ®R normal mode
vibrational frequencies are related to the elongation of the
H—OR bond in the X(HOR) complexes compared to “free”
ROH. Good agreement with normal mode vibrational frequen-
cies from other computations is obtained for most ROH
molecules and X(HOR) complexes, and with experimental
VPDS results on CI(HOCHs) and IF(HOCH;z). Going from X

= F to Br for X" (HOCHg), at the MP24 level of theory it is
shown that the X:--H—OCH; angle decreases while the
X~---HOCH; distance increases due to the larger halide ion
radius. For X= | the X ---HOCH; distance increases, but the
X~-+sH—0OCH; angle increased instead.

Finally, two-dimensional potential energy surfaces have been
presented for the XHOCHs) complexes indicating a nearly
symmetric, hydrogen-bonded surface for=XF, while for X
= Clto | the potential energy surface becomes more asymmetric
due to the increased importance of other interaction, most likely
ion—dipole and the ion-induced dipole interactions, relative to

One main conclusion in this respect may be, that by simply hydrogen bonding. The surfaces confirm the “floppy” nature
changing the halide ion no other property in a halide ion-alcohol of the halide ion motion relative to the alcohol, but do not give
complexes changes. Thus different parameters are related an@ny clear insight into possible trajectories and dynamics of halide
they cooperate in such a manner that the net result may lookion-alcohol complex formation.

like one linear correlation.
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