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A series of donofracceptor complexes containing sulfur trioxide have been studied in the gas and condensed
phases using density functional theory. The condensed phase is represented using the polarizable continuum
model. The systems investigated include complexes of nitrogen-containing donor moleculgsiH{GN

(n = 0-3), with SGQ and complexes of oxygen-containing donor molecules sj@Hh—O (M= 0—2), with

SG;. Significant differences are observed between the gas- and condensed-phase properties of the complexes
as a result of the ability of the condensed-phase medium to support higher charge separation between the
donor and acceptor. The gas/condensed-phase behavior of two nitrogen-containing complejesNEH

SO; and (CH).HN—SG;, has been investigated for the first time. These complexes exhibit properties
intermediate to the previously observed\HSO; and (CH)sN—SO; complexes. Systematic trends in the

gas- and condensed-phase structure and properties have been observed as methyl groups are added to the
donor molecule. In addition, two oxygen-containing complexess@HH-SO; and (CH),0O—SG0;, have been
characterized for the first time. The differences between the gas- and condensed-phase properties of the oxygen-
containing complexes are, in many cases, larger than those of the nitrogen-containing complexes, and therefore
they represent an intriguing new class of complexes for potential experimental observation. Finally, a strong
correlation between the charge transfer and binding energy has been obtained for both the nitrogen- and
oxygen-containing complexes of sulfur trioxide.

Introduction Ab initio quantum mechanical methods have been employed
by previous workers in an attempt to explain the large gas/solid
structural and electronic differences found in the various denor
acceptor complexes discussed ab¥vé! In early work, Wong,
Wiberg, and Frisch employed the self-consistent reactant field
and SQ.13 The donoracceptor bond distances in these (SCRF) method at the Hartre€ock I.evel of theory to model
complexes show substantial decreases of -0084 A in the the structure of.the BN—SQ; complex in th? condensgd phase.
The changes in structural and electronic properties observed

solid state compared to the gas-phase values. The larges
structural change to date, 0.84 A, was observed for the HCN Eetween the condensed-pha}se.SCRF results anql computed gas-
phase results showed qualitative agreement with the experi-

BF3; complex, which exhibits a BN distance of 2.473 Ain ) - . .
the gas phadeompared to 1.638 A in the solid st&t®onor— mental observat.|ons. Energy decomposition analysis determmgd
acceptor complexes formed between nitrogen-containing com-that _electrostatlc and char_ge-transfer terms were the main
pounds and S@or SO; show more modest structural changes contributors to the interaction energy of the complex. The
)galculated charge transfer increased from 0.28 to 0.36 e from

in their gas and solid-phase structures. For example, the comple ; .
g b P P the gas phase to the condensed phase, and topological analysis

of trimethylamine (TMA) with SQ exhibits a decrease in the ™= )
S—I\II dista);lce Iof 0.(21 A)inV\{lhe sc(ﬁid )E)hlalse compared tol the gas indicated that the covalent character of theNsbond increased

phase, while, in the TMA'SO; complex, the decrease is only " the condensed phase. Following the initial work of Wong et
0.07 A. ' ' al., Cioslowski and Martinov carried out gas-phase and SCRF

The large variation in the donemacceptor bond distance calculations at the HF/6-3¥1+G(d,p) level on a vanetyﬂof
between the gas and solid phases is also accompanied by othefYStems in the gas and condensed phases;, includig §Os.""
structural and electronic changes, including changes in bond For the H"N_SQ complex, the agthors used charge-constr.alned
angles and dipole moments. For example, theBFN bond calculations to show that solvation led to the strengthening of
angle of HCN-BF; increases from 91°5in the gas phadeto both the charge transfer and the covalent components of the
105.6 in the solid phasé while the O-S—N bond angle of S—N bond.

HsN—SQ; increases by 4%between the gas phase and the solid ~ Another early computational study by Frenking and co-
state. The dipole moments of these doracceptor complexes ~ Workers focused on a variety of gas-phase detmceptor

in many cases show significant enhancements in the solid statecomplexes and also discussed gas/condensed-phase differences
relative to the gas phase. For example, the gas-phase dipolen the structure and properties oN—BHs.!® The condensed
moment of HN—SO; has been determined to be 6.24D  phase was simulated by optimizing the geometries of dimers

A variety of donor-acceptor complexes have been shown
experimentally to exhibit large differences between their gas-
phase and solid-state structute®® In particular, a great deal
of work has focused on complexes involving £F> SO,,578

compared to the solid-state value of 9.6D. and tetramers of ¥N—BHs. At the MP2 level of theory,
Frenking and co-workers found that the dipetiipole interac-
* Corresponding author. E-mail address: standard@ilstu.edu. tions of the dimer and tetramer ofsN—BH3 accounted for
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about 60% of the BN bond shortening observed in the intriguing series for exploration because of the disparate gas/
experimental solid-state structure compared to that found in the condensed-phase behavior as methyl groups are added to the

gas-phase structure. donor molecule; for example, thesN—SO; complex exhibits
Two recent quantum mechanical studies have also focuseda rather large gas/solid variation in properties, while the variation
on the gas- and Condensed-phase properties of ihb‘EHg observed for TMA-SO; is much smaller. FUrthermOI’e, the gas-

complext®2|n one study, dimers of the complex were studied and condensed-phase behavior of intermolecular complexes
by Vela and co-workers at the B3LYP/6-3t3G(d,p) level formed between Sgand water, methanol, and dimethyl ether
of theory in order to probe the interactions responsible for gas- Will be scrutinized. This series of complexes includes th@H
to-solid-phase variations in geometry and other propeliess. SOz compound studied previously in the gas phase. In addition,
accord with the conclusions of Frenking and co-workérthe the properties of two new complexes never before probed by
authors found that dipotedipole interactions were primarily ~ €ither experimental or computational methods,;0H—SO;
responsible for the gas/solid differences. In another study, Dillen @nd (CH).0—S0;, will be presented, and their interesting gas/
and Verhoeven employed a grid of up to 30NH-BHs condensed-phase behavior will be predicted for the first time.
molecules with fixed coordinates surrounding a centrg\H
BH3 molecule at the MP2/6-31G(d) level of theory in order to Computational Methods
model the solid phas®.These workers observed a significant Full geometry optimizations and vibrational frequency cal-
shprtenmg of the BN bond, even V‘."th their smallest model culations were performed for the intermolecular complexes
(eight sSN—BH3 molecules surrounding one centrajNH-BH3 (CH3)sH3-N—S0; (n = 0—3) and (CH)mH2-mO—S0s (M =
. . 3)n13—n mri2—m

mplecqle) and thus_ concluded that short-range interactions wereo_z), along with all the monomers. The Gaussiartagnd
prlm_a_mly respon5|b_le for the_ bond contraction. However, Gaussian 0% software packages were utilized for all computa-
a_ddmonal changes_ n theB\l. distance were observed as the tions. The calculations were performed using the B3LYP density
size of the model |_ncreased, therefore, it was concludgd thate - ctional method and standard 6-86(d) and 6-31++G-
long-range interactions had some impact upon the SOIId"':‘t""te(d,p) basis sets. For the condensed-phase calculations, the PCM
structure. as implemented in Gaussian was employed to account for

Another recent computational study by Choo et al. employed continuum solvation effects. Choo et al. noted that the condensed-
density functional theory and the SCRF solvation model to phase structures and properties are fairly insensitive to the choice
investigate gas/condensed-phase differences in the 7812 of dielectric constar®! therefore, all calculations in this work

and TMA-SO; complexes? The results obtained were con-  were performed using a dielectric constant of 78 to represent a
sistent with available experimental data and showed a smallerhighly polar condensed-phase medium.

contraction of the SN bond in condensed media for the TMA Binding energies of the intermolecular complexes were

SO; complex than for the TMA'SO, complex. Choo etal. also computed relative to the separated monomers and were corrected
observed increases in dipole moments and charge transfer fokqr yibrational zero-point energies. Choo et al. studied basis
the complexes upon s_olvat|on, in ac_cord with previous experi- ggt superposition error (BSSE) effects for TM&O, and
mental and computational observations. TMA—SQ; and concluded that BSSE had some effect on the
In addition to their interesting properties in the gas and geometries of the TMASQO, and TMA—SQO; complexes?!
condensed phases, some of the deramceptor complexes of  These authors found that the inclusion of BSSE led to a
sulfur trioxide are atmospherically significant. In particular, the contraction of the SN bond distance of 0.04 A for TMA
gas-phase #0—S0; complex is an important precursor in acid SO, and 0.12 A for TMA-SO; at the MPW1PW91/6-31HG-
rain formation. The HO—S0O; complex has been detected in  (3df) level of theory. This result seems puzzling since it is more
matrix experiment8?-24 its structure has been elucidated by likely that the inclusion of BSSE effects would lead to a
microwave spectroscopy, and it has been the subject of lengthening of the SN bond distance. In fact, the present work
numerous computational studi®s3* The gas-phaseNl—S0O; finds that, at the B3LYP/6-3Ht+G(d,p) level, the SN bond
complex also has been detected using microwave spectrdscopylengths of the nitrogen-containing complexes of sulfur trioxide
and has been postulated to be a possible nucleation site for théncrease by no more than 0.04 A when optimized including
formation of atmospheric aeroséfsA variety of computational BSSE effects, and the TMASO; complex exhibits the smallest
studies have sought to characterize th#&lHSO; complex in increase of only 0.024 A. Even when the same level of theory
the gas phas¥;36-38 and recent experimental and computational is used that was employed by Choo et?alwe find that the
studies have also focused on the interactions of Bith both S—N bond of TMA—SQ; increases by only 0.011 A when BSSE
NH3; and HO presen®4! effects are included in the optimization (1.942 A with no BSSE
While some computational work has been performed on gas- correction compared to 1.953 A with BSSE correction at the
and condensed-phase donacceptor complexes of sulfur ~MPWI1PW91/6-313G(3df) level). On the basis of the present
trioxide, there have been no systematic investigations of the investigations, only small BSSE effects are obtained for the
gas- and condensed-phase properties of complexes formed-omplexes, and hence the results reported in this work are not
between sulfur trioxide and amines. In this work, density corrected for BSSE effects.
functional methods along with the polarizable continuum model ~ Atomic charges were determined by natural population
(PCM) for solvation will be employed in order to carry out a analysis (NPAJ® using the NBO 5.0 software packatfeThe
systematic study of the gas- and condensed-phase behavior otharge transfer was computed as the amount of charge trans-
intermolecular complexes formed between;30d ammonia, ferred from the oxygen- or nitrogen-containing donor molecule
methylamine (MA), dimethylamine (DMA), and TMA. This  to sulfur trioxide in the intermolecular complex using the NPA
series encompasses two compounds investigated experimentallgharges.
in both the gas and condensed phasegbl-+50;%1%and TMA— All of the calculations were carried out on SGI 02, SGI
S0;.1112The other two complexes, MASO; and DMA—SG;, Origin200, and Linux workstations at lllinois State University
have been characterized experimentally only in the solid and on the IBM p690 supercomputer at the National Center for
state*243 This set of donoracceptor complexes provides an Supercomputing Applications.
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O B3LYP/6-31+G(d) level yield a SN distance of 2.100 A for

I H3N—SO; compared to 2.067 A at the MP2/6-8G(d) level,
). o and, at the B3LYP/aug-cc-pVHd)Z level, the S-N distance
o “‘?ﬁ ) is computed to be 2.049 A.

The calculated gas- and condensed-phase averages«N
angles of the nitrogen-containing complexes of sulfur trioxide
P are in good agreement with available experimental data, although
- they are, in all cases, slightly too small compared to the
(b) experimental results, exhibiting deviations of, at most, 2

Leopold and co-workers noted a correlation between thdl S
distances and the ©€6—N bond angles in a variety of-S\
S * donor-acceptor complexés. These authors observed little
variation in the G-S—N bond angle over a fairly large range
of S—N distances. They were able to fit bond length and bond

angle data to a relationship of the form
R(S—N) =R, + clog[9 cog o] 1)
SE::@ where R(S—N) is the sulfur-nitrogen bond distance in ang-
stroms,a is the O-S—N bond angleR, = 1.621 A, andc =
(d) —0.449%2 This empirical equation has its origins in Pauling’s
Figure 1. Optimized gas-phase geometries of (gNH SO, (b) (CHs)- bond-length-bond-order relatio® The S-N bond distances
H2N—SG;, (c) (CHs):HN—SG;, and (d) (CH)sN—SO; determined at computed in this work follow a similar trend; however, since
the B3LYP/6-31-G(d) level. the computational SN bond distances are a little longer than

the experimental ones, a value Ry of about 1.69 A provides
a better fit to the computational results. The only exception to
1. Intermolecular Complexes of Sulfur Trioxide and the bond-length-bond-angle correlation occurs for the TMA
Nitrogen-Containing Molecules. The optimized gas-phase SO; complex. Because of steric effects from the three methyl
structures of the complexes (@HH3s-n\N—SO; (n = 0—3) groups, the & S—N angle is larger by about 1 degree than the
computed at the B3LYP/6-31G(d) level are shown in Figure  value predicted by the fit.
1. Only small differences are observed in the geometries Table 2 presents gas- and condensed-phase results for the
computed at the B3LYP/6-3#1:+G(d,p) level of theory. The binding energy, dipole moment, and charge transfer of the
optimized condensed-phase structures are similar to those(CHs)aH3-n\N—SO; complexes. There is again only a small
presented in Figure 1 and are not shown. variation in these properties with respect to basis set. Further-
Selected geometrical parameters determined in the gas andnore, the calculated gas- and condensed-phase dipole moments
condensed phases using the B3LYP/6-&(d) and B3LYP/ are in excellent agreement with the available experimental data
6-311++G(d,p) levels of theory are presented in Table 1 along for H3N—SO; and TMA—SG:s.
with available experimental data. The calculated gas-phad¢ S Figure 2 presents representative examples of trends in the
bond distances of #N—S0O; and TMA—SG; are too long by properties of the (ChnH3-nN—SO; complexes as methyl
0.14-0.17 A compared to the experimental results. Similarly, groups are added to the donor molecule. For theNSond
the calculated condensed-phaseNsbond distances of all the  lengths, the general trend in the gas-phase results is that the
complexes formed from nitrogen-containing donor molecules S—N distance decreases, with the exception of TWVBO;.
and SQ are too long by 0.160.12 A compared to the  Qualitatively, the gas-phase results are sensible because methyl
experimental solid-state results. This overestimate of the groups are generally expected to act as electron-donating groups.
calculated SN bond distances may be partly due to electron An increase in the number of methyl groups leads to enhanced
correlation effects and partly due to the size of the basis setscharge transfer and therefore shorterNs bonds in the gas
employed in the present work. For example, calculations at the phase: an observed drop fromghH-SO; to DMA—SG; of

Results

TABLE 1: Selected Gas- and Condensed-Phase Bond Lengths (A) and Angles (degrees) of §aHs .N—SQ; (n = 0—3) along
with Available Experimental Results.

B3LYP/6-314+-G(d) B3LYP/6-311-+G(d,p) experiment
gas solution A2 gas solution A2 gas solid A2

HsN—SQ;

R(S—N) 2.100 1.895 —0.205 2131 1.896 -0.235 1.957 1.7714 —0.186

0O—S—N°P 96.7 100.4 3.7 96.6 100.5 3.9 97.6 102.46 49
(CH3)H:N—-SGs

R(S—N) 2.035 1.886 —0.149 2.055 1.890 —0.165 1.779

0(O—S—N)° 97.6 100.9 33 97.5 100.8 33 102.4
(CHz):HN—SG;

R(S-N) 2.028 1.908 —0.120 2.039 1.908 —0.131 1.790

0(0O—S—N)P 98.2 100.9 2.7 98.1 101.0 2.9 102.1
(CH3)sN—SOs

R(S—N) 2.050 1.946 —0.104 2.057 1.947 —0.110 1.912 1.844 —0.068

O0(0O—S—N)® 98.6 101.0 2.4 98.5 100.9 24 109.1 101.8 1.7

2 A is the difference between the condensed-phase and gas-phase VAlueserage of the ©S—N angles is reported.Ref 9.9 Ref 10.¢ Ref
42."Ref 43.9 Ref 11." Ref 12.
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TABLE 2: Binding Energy (kcal/mol), Dipole Moment (Debye), and Charge Transfer in the Gas and Condensed Phases for
(CH3)pH3-nN—SGO; (n = 0—3) along with Available Experimental Data

B3LYP/6-31+G(d) B3LYP/6-31H-+G(d,p) experiment
gas solution A? gas solution A2 gas solid A?

H3sN—SO;

binding energy 17.78 34.84 17.06 16.86 33.81 16.95

dipole moment 6.17 9.63 3.46 6.00 9.64 3.64 6204 9.6° 34

charge transfer 0.25 0.43 0.18 0.23 0.44 0.21
(CHa)HN—SO;

binding energy 23.18 39.99 16.81 22.54 38.26 15.72

dipole moment 6.88 10.30 3.42 6.74 10.11 3.37

charge transfer 0.30 0.45 0.15 0.29 0.45 0.16
(CH3):HN—SO;

binding energy 25.88 38.74 12.86 25.83 38.43 12.60

dipole moment 7.12 10.40 3.28 7.00 10.14 3.14

charge transfer 0.32 0.44 0.12 0.32 0.44 0.12
(CH3)sN—SGs

binding energy 26.08 35.43 9.35 26.80 35.90 9.10

dipole moment 7.11 10.39 3.28 6.99 10.09 3.10 7111

charge transfer 0.32 0.43 0.11 0.32 0.43 0.11

2 A is the difference between the condensed-phase and gas-phase VRlek4. ¢ Ref 5.9 Ref 1.

0.07-0.09 A, depending on the basis set. The exception, FMA  significant differences in geometries and properties in the gas
SG;, is probably due to increased steric effects from the three and condensed phases, which are also illustrated in Figure 2.
methyl groups as the-S\ distance decreases. The condensed- The largest gas/condensed-phase alterations are observed in
phase behavior of the-S\ bond distance is quite different than  S—N distances, binding energies, dipole moments, and charge
the gas-phase behavior. In the condensed phase, as the numbéransfer. The SN distance decreases substantially in the
of methyl groups of the donor molecule increases, theNS condensed phase, by over 0.2 A fosNH-SO; and by about
distance generally increases. Steric effects dominate the con-0.1 A for TMA—SQ;, with intermediate values for the other
densed-phase results since theNSdistance is already much  complexes. These changes are in good agreement with the
shorter in the condensed phase than it is in the gas phase. Arexperimentally observed gas/solid differences fellHSO; and
increase in the number of methyl groups of the donor molecule TMA —SGQ;. In addition, the binding energies increase byly
in the condensed phase increases the steric repulsion and leadscal/mol in the condensed phase, with the largest change
to a slight increase of 0.05 A in-SN bond distance from MA observed for IN—SGs. Because of the ability of the condensed
SO; to TMA—SGs. phase to support larger charge separation, the dipole moments
While the S-N distance shows a significant variation as the jump by more than 3 D in the condensed phase. A corresponding
number of methyl groups on the nitrogen-containing donor enhancement of the charge transfer of around-0.2 is also
molecule is increased, other geometrical parameters show littleobserved in the condensed phase.
change. For example, the average ®-N angle increases only Since the results suggest that the observed increases in the
slightly as the number of methyl groups increases. The changebinding energy, dipole moment, and charge transfer as well as
in the O-S—N angle is less than°2n the gas phase and less the significant drop in SN distance in the condensed phase
than T in the condensed phase. are due to the ability of the condensed-phase medium to support
As methyl groups are added to the nitrogen-containing donor higher charge separation, the natural atomic charges calculated
molecule, the gas-phase binding energies and dipole momentaising NPA have been examined. Table 3 presents gas- and
show a significant enhancement. The binding energy grows by condensed-phase results fogNH-SO; as well as HO—SO;
more than 8 kcal/mol, and the dipole moment grows by nearly (which will be discussed in the next section). Striking differences
1 D from HsN—SO; to TMA—SQ;. These changes correlate  of around 0.2 in the total charge of the oxygen atoms of SO
directly with the shorter SN bond distances observed as methyl and the total charge of the hydrogen atoms ofMdke observed
groups are added. In the condensed phase, on the other handyetween the gas and condensed phases. Conversely, the charges
the binding energy and dipole moments show smaller variation of the sulfur and nitrogen atoms remain nearly constant in the
as methyl groups are added to the donor molecule. Frgk+H gas and condensed phases. The overall result is that the
SO; to MA—SG;, the condensed-phase binding energy increasescondensed phase supports a higher charge distribution on the
by 4—5 kcal/mol, and the dipole moment increases by-@% extremities of the molecule. The bulk of the enhanced charge
D. When the number of methyl groups is increased further, the transfer in the solution phase is pulled from the hydrogen atoms
values of the binding energy and dipole moment level off and of NH3 and redistributed to the oxygen atoms of S@ading
then decrease slightly from DMASO; to TMA—SG;. This is to a larger condensed-phase charge separation. The other
likely a consequence of the increased steric repulsion in the nitrogen-containing complexes exhibit similar, though slightly
DMA —SGO; and TMA—SQO; complexes. more modest, gas/condensed-phase charge separation.
The gas-phase charge transfer calculated using NPA exhibits 2. Intermolecular Complexes of Sulfur Trioxide and
a moderate gain of 0.070.09 as the number of methyl groups Oxygen-Containing MoleculesThe optimized gas-phase struc-
increases. Conversely, in the condensed phase, the chargeures of the doneracceptor complexes (GhH2-mO—SOs
transfer remains nearly steady, regardless of the number of(m= 0—2) computed at the B3LYP/6-31G(d) level are shown
methyl groups of the donor. in Figure 3. The condensed-phase structures are similar to those
As expected from previous experimental and computational presented in Figure 3 and are not shown. In general, only small
studies, the intermolecular complexes formed between thedifferences are observed in the geometries computed at the
nitrogen-containing molecules (GJdHs-,N and SQ display B3LYP/6-31H+G(d,p) level of theory and those obtained at
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215 , . : : TABLE 3: Natural Atomic Charges of H 3N—SQO; and
b —&—Gas Phase H0—-S0s
__210¢ -=w==Solution Phase
< s B3LYP/6-31+G(d) B3LYP/6-311+G(d,p)
§ 205 ' E gas  solution A2 gas  solution A2
£ 200t ] HaN—SO;
Q44 F S 2.44 2.48 0.04 237 2.39 0.02
z " IO OtotaP —2.69 —291 -022 —260 -2.83 -0.23
D 490F o e L ] N —-1.10 -1.08 0.02 —-0.98 -0.94 0.04
A -t (a) Htotat  1.35 151 016 1.22 1.38 0.16
1.85 E ! Il Il Il HZO_SO3
40 : : : : S 2.42 2.46 0.04 235 2.39 0.04
= r L oWemmmmmmas Feaeo O,totaP —2.49 -2.66 —0.17 —-2.41 -256 -0.15
£ 35F ot ey ] Oy —-0.98 -0.97 0.01 -0.92 -0.92 0.00
§ s A H totaF 1.05 1.17 0.12 0.98 1.09 0.11
x; 30 ;. a2 A is the difference between the condensed-phase and gas-phase
> C values.P The reported value is the sum of the natural atomic charges
2 25 - ] of the three oxygen atoms of SO The reported value is the sum of
“6') r the natural atomic charges of the three hydrogen atoms gfddkthe
£ 20 ] two hydrogen atoms of 0.
2 (b) .
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Figure 2. Gas- and solution-phase (a8 bond distances, (b) binding (c)

energies, (c) dipole moments, and (d) charge transfer as a function of _. - .
the r?umb((ar)ofpmethyl groups of tge) nitrogen-containing donor for Figure 3. Optimized gas-phase geometries of (@PHSO;, (b) Che-
(CHs)oH3_-N—S0; complexes computed at the B3LYP/6-311G- OH-S0;, and (c) (CH):0—S0; determined at the B3LYP/6-34G-
(d,p) level. (d) level.

are in excellent agreement with the experimental gas-phase
the B3LYP/6-341-G(d) level. The one minor exception occurs results. Deviations in the-SO4 bond length are less than 0.04
for H,O—S0;, with a structure at all but one level of theory A, and those in the ©S—0g4 bond angle are less than 0.5n

that has an orientation in which the-® bonds of HO are Table 5, the calculated gas- and condensed-phase results for
eclipsed relative to the-SO bonds of S@ However, the gas-  the binding energies, dipole moments, and charge transfer are
phase structure of ¥—SGO; at the B3LYP/6-31++G(d,p) listed for the (CH)nH2-nO—SO; complexes. The geometries

level has an orientation in which the-® bonds are staggered  and other properties show little variation as a function of basis
relative to the SO bonds. This anomalous result is a set size for these complexes.
consequence of the very low barrier to rotation about the The gas-phase oxygen-containing complexes of sulfur trioxide
intermolecular axis. In previous work, the barrier for rotation have S-Oq4 bonds that are 0-20.3 A longer than the corre-
about the intermolecular axis of,B—S0O; was computed to  sponding S N bonds of the nitrogen-containing complexes, and
be only 0.1 kcal/mol at the MP2/6-33HG(2df,2pd) level of the condensed-phase-84 bonds are about 0-10.2 A longer
theory34 than the corresponding-N bonds. In addition, the binding
Table 4 presents selected geometrical parameters of theenergies of the oxygen-containing complexes are significantly
(CH3)mH2-mO—S0O; complexes determined in the gas and lower than those of the corresponding nitrogen-containing
condensed phases using the B3LYP/6-&(d) and B3LYP/ complexes, by about 015 kcal/mol in the gas phase and-20
6-311++G(d,p) levels of theory along with available experi- 25 kcal/mol in the condensed phase. These differences are
mental results. For ¥0—SG; in the gas phase, the computed expected for oxygen- and nitrogen-containing systems on the
values of the SOy distance and the average-5—04 angle basis of electronegativities. The larger electronegativity of
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TABLE 4: Selected Gas- and Condensed-Phase Bond Lengths (A) and Angles (degrees) of §aH»_nO—SO; (m = 0—2) along
with Available Experimental Results

B3LYP/6-31+G(d) B3LYP/6-31%+G(d,p) expt
gas solution A? gas solution A? gas
H,O—S0;
R(S—0g)° 2.394 2.093 —0.301 2.413 2.144 —0.267 2.432
00:—S—0O¢ 93.1 96.7 3.6 93.0 96.2 3.0 99.6
CH;OH—SG;
R(S—0q)° 2.255 1.987 —0.268 2.275 2.023 —0.252
0(04—S—0g)° 94.3 97.8 35 94.2 97.5 3.3
(CH3),0—S0s
R(S—0g)° 2.212 2.017 —0.195 2.222 2.043 -0.179
0(04—S—0y)° 95.1 97.8 2.7 94.9 97.4 25

a2 A is the difference between the condensed-phase and gas-phase ¥Aloes.Oy corresponds to the oxygen atom of the donor molecule,
(CHg)mH2-mO (m = 0—2). ¢ Atom O, refers to any of the three oxygen atoms of the acceptor molecule B@ average ©-S—04 angle is
reported.? Ref 25.

TABLE 5: Binding Energy (kcal/mol), Dipole Moment ! T '
(Debye), and Charge Transfer in the Gas and Condensed 24r¢ —e—Gas Phase |4
Phases for (CH)mH>-mO—SO; (M = 0—2) < ~-¥--Solution Phase
B3LYP/6-31+G(d)  B3LYP/6-314+G(d,p) g 23
gas solution A2 gas  solution A2 _*8 22 -

H,0—SO; e Yoo

bindingenergy 7.80 1355 576 7.60 13.17 2.15 o 21t "‘-.,_ B

dipole moment 3.46  6.23 277 355 5.92 229 L SNegemmeons emmemn= h

charge transfer  0.07 020 013 006 017 0.11 200 . . (@)
CH3;OH—S0;

binding energy 10.24 17.23 6.99 10.40 16.74 6.34 = 18 . . .

dipole moment 4.39 755 3.16 4.29 7.27 2.98 g Mo

charge transfer  0.12 0.25 0.13 0.11 0.24 0.13 = 16 JPlie TSy 7
(CHz)20-S0s g .t ]

binding energy 11.01 15.20 4.19 11.79 15.55 3.76 - v’

dipole moment 4.72 755 283 4.63 7.28 2.65 2 1oF ]

charge transfer  0.14 0.24 010 0.13 0.23 0.10 E

2 A is the difference between the condensed-phase and gas-phase > 10
values. % 8 (b)
oxygen leads to less electron transfer from the oxygen to the 6 ' ' '
sulfur and thus weaker bonds and longer bond lengths. The .8 T T '
trends in bond lengths and binding energies for oxygen- and % -3 e mm——————- L4 ]
nitrogen-containing complexes are confirmed by the charge 2 L
transfer calculated using NPA, which is about-8@®3 lower = 6f v_--" 3
for the oxygen-containing complexes. 2

As was the case for the nitrogen-containing complexes, a S 5L 3
correlation between the calculated-Sy4 bond distances and ©
0O,—S—0Oq4 bond angles of the oxygen-containing complexes is g 4F / ]
observed. Using eq 1, the computational&; bond distances a . . . ©
and Q—S—0qy4 bond angles fall on nearly the same trend line 8
as the computational-SN bond distances and-€5—N bond 025 ' I — S
angles of the nitrogen-containing complexes. Leopold and co- _ '_-"
workers also found that the-BN distances and HB—N or g 020 ‘,-" ]
F—B—N bond angles of doneracceptor complexes containing S v’
BHs or BF; followed a similar trend to the bond-distance/bond- = o015 8
angle correlations of the-S\ donor-acceptor complexes. &

lllustrative examples of trends in selected properties of the g 010k ]
(CH3)mH2-mO—SO; complexes as methyl groups are added to (d)
the donor molecule are shown in Figure 4. The calculated gas- , .
phase S Oq4bond distance decreases by 6:0819 A as methyl 0.05 0 1 2
groups are added to the donor molecule. This change is more Number of Methyl Groups

than double that observed for the-N distance of the nitrogen-  Figure 4. Gas- and solution-phase (a)-84 bond distances, (b) binding
containing complexes and is in accord with the viewpoint of energies, (c) dipole moments, and (d) charge transfer as a function of
the methyl groups acting as electron donors. The behavior of the number of methyl groups of the oxygen-containing donor for
the S-Oq distance in the condensed phase and the behavior of(CHanH2-nO—S0; complexes computed at the B3LYP/6-311G-
other geometrical parameters in the gas and condensed phase(g‘p) level.

are consistent with the behaviors observed for the nitrogen- addition of a second methyl group because of steric effects that
containing complexes. The condensed-phase€gdistance arise as a result of the much shorter condensed-pha$g S
drops when one methyl group is added but increases with thebond distance. Other geometrical parameters show smaller
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changes as the number of methyl groups on the donor is 0.5 T T T T T T
increased. For example, in both the gas and condensed phases,
the average ©-S—0gy angle grows by a modest-2° as methyl 0.4l
groups are added to the donor molecule.

The behavior of the binding energy, dipole moment, and
charge transfer as a function of the number of methyl groups is
similar for the oxygen- and nitrogen-containing complexes. As
the number of methyl groups increases, the gas-phase binding
energies of the oxygen-containing complexes increase3y 3
kcal/mol, and the dipole moments increase by about 1 D, which 01f
correlate to decreases in the-Sy bond distance. Conversely,
in the condensed phase, the binding energy and dipole moments 0.0 ' : ' ' : .
grow with the addition of one methyl group to the oxygen- 5 1 s 20 x84
containing donor and then decrease or level off as the second Binding Energy (kcal/mol)
methyl group is added, a consequence of the enhanced steri¢igure 5. Correlation between charge transfer and binding energy for
repulsion. In the gas phase, the charge transfer slightly increaseditrogen- and oxygen-containing complexes of sulfur trioxide computed
by 0.07 as methyl groups are added: however, in the condensed the B3LYP/6-313+G(d.p) level.

phase, the charge transfer behaves in a fashion similar to the L
dipole moment, with a small increase for one methy! group and acceptor complexes of sulfur trioxide have been presente_d for
then a slight decrease when the second methyl group is added!N€ first time. Gas-phase and condensed-phase PCM continuum
Like the (CH)nHs-nN —SO; complexes, the (ChlnH2-mO— ;olvatlon results obtalneq usmg.densny fun.ctlonal theory are
SO, complexes show significant differences in geometries and N excellent agreement with available exper_lmental dat:_a. Fur-
properties in the gas phase and in the condensed phase, as alggerm_or_e, the gas/condensed-phase behavior of two nitrogen-
illustrated in Figure 4. Unlike the nitrogen-containing complexes containing complexes, (GhHN—SO; and (CH):HN—SG;,
HsN—S0; and TMA—S0s, no experimental data exists for the s been explored for the first time, and two new oxygen-
gas/condensed-phase properties of the oxygen-containing com&ontaining complexes never before studied,;OH—S0O; and
plexes. Thus, the computational results presented in this work (CHs)20—S0s, have been characterized.

0.3

0.2

Charge Transfer

¢ S-N Gas

¥ S-N Condensed
m S-C Gas N
A S-O Condensed
—Fit

provide information about a new class of doracceptor In previous work, Frenking and co-workers employed NPA

complexes that should be accessible by experiment and thatl© determine the charge transfer in donacceptor complexes

exhibit large gas/condensed-phase deviations. for a wide variety of acceptors, including ®Hs, BFs, BCls,
For the oxygen-containing complexes, the-G bond and AICk.18 For this large range of complexes with varying

distance and the dipole moments show the largest gas/condensed@mounts of covalent bonding character, they found no correlation
phase changes. The condensed-phasSlistance decreases Petween charge transfer and binding energy. In contrast, a strong
by about 0.3 A for HO—S0; and by about 0.2 A for (CkJ,0— correlatlor] between charge transfer and binding energy is
SOs. The gas/condensed-phase differences in theSlistance observed in the gas and condensed phases for both the nitrogen-
are about 0.1 A larger than the differences observed inti¢ S and oxygen-containing complexes of sulfur trioxide. Figure 5
bond distances of the nitrogen-containing complexes. In addi- illustrates the logarithmic correlgtlon between b!ndlng energy
tion, the dipole moments of the oxygen-containing complexes and charge transfer for calculations performed in the gas and
exhibit a gain of abou3 D in thecondensed phase, a similar condensed phases using the B3LYP/6-8315(d,p) level of
change to that observed for the nitrogen-containing complexes.theory. Results determined at the B3LYP/6+33(d) level show

More moderate gas/condensed-phase deviations are als@ Similar correlation. The strong correlation between charge
observed in other properties of the oxygen-containing com- transfer .and blnd!ng energy for the sulfur trioxide complexeg
plexes. The condensed-phase binding energies -afekzal/ empha_sges the important role that charge transfer plays in
mol higher than the gas-phase binding energies, a smallerdétérmining the bonding in these systems.
difference than that observed for the nitrogen-containing All the donor-acceptor complexes investigated in this work
complexes. Finally, the condensed-phase charge transfer of thexhibit significant gas/condensed-phase changes in geometrical
oxygen-containing complexes is higher by about 0.1 than the Parameters and other properties. Each complex displays a sizable
gas-phase charge transfer, in accord with the results determinedlecrease in intermolecular bond distance and large increases in
for the nitrogen-containing complexes. binding energy, dipole moment, and charge transfer from the

The enhanced charge separation in the condensed phase igas phase to the condensed phase. The origin of these effects
also evident for the oxygen-containing complexes, as illustrated lies in the enhanced stabilization of the charge separation in
in Table 3 for HO—SO; (the resullts for other oxygen-containing ~ the condensed-phase medium compared to that in the gas phase,
complexes are similar). In accord with the results found for the as illustrated through NPA results. The NPA results also show
nitrogen-containing complexes, the charges of the sulfur atom that significant amounts of charge shift from the hydrogen atoms
and the oxygen atom of 4 remain nearly constant in the gas  Of the nitrogen- or oxygen-containing donor to the oxygen atoms
and condensed phases. However, the oxygen atoms ef SO Of sulfur trioxide, enhancing the charge density on the extremi-
become significantly more negative, and the hydrogen atomsties of the complexes.
of H,O become much more positive in the condensed phase. Both sets of compounds show comparable behavior in the
These results support the notions of stabilization of higher chargegas and condensed phases as methyl groups are added to the
density on the extremities of the molecule and enhanced donor molecule. In the gas phase, the added methyl groups act

condensed-phase charge separation. as electron-donating groups and lead to shorter intermolecular
) bond distances and larger binding energies, dipole moments,
Conclusions and charge transfer. In the condensed phase, the intermolecular

Systematic computational studies of the gas- and condenseddistance initially drops when one methyl group is added.
phase behavior of nitrogen- and oxygen-containing denor However, because the intermolecular distance is significantly
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shorter in the condensed phase, further addition of methyl groups

Ida et al.

(20) Dillen, J.; Verhoeven, Rl. Phys Chem A 2003 107, 2570.

leads to an increase in intermolecular bond distance as a result (21) Choo, J.; Kim, S.; Kwon, YJ. Mol. Struct (THEOCHEM)2002

of enhanced steric repulsion. Changes in other condensed-phas
properties correlate with the changes in the intermolecular
distance.

The two nitrogen compounds never previously studied in both
the gas and condensed phases, M#0; and DMA—-SG;,

exhibit gas/condensed-phase changes that are generally inter

mediate between those ofN—SO; and TMA—SG;, and hence

their gas/condensed-phase behavior should fall within the realm
of possible experimental observation. The predicted behavior

of the new oxygen-containing compounds probed in this work

is particularly intriguing. The gas/condensed-phase changes in

the intermolecular SOy bond distances of the oxygen-contain-

(22) Tso, T.-L.; Lee, E. K. CJ. Phys Chem 1984 88, 2776.

(23) Bondybey, V. E.; English, J. H. Mol. Spectrosc1985 109, 221.

(24) Shriver, L.; Carrere, D.; Schriver, A.; Jaeger,Ghem Phys Lett
1991, 181, 505.

(25) Phillips, J. A.; Canagaratna, M.; Goodfriend, H.; Leopold, KIR.
Phys Chem 1995 99, 501.

~ (26) Holland, P. M.; Castleman, A. W., Them Phys Lett 1978 56,
511.

(27) Chen, T. S.; Plummer, P. L. M. Am Chem Soc 1985 89, 3689.
(28) Hofmann, M.; Schleyer, P. v. R. Am Chem Soc 1994 116

(29) Morokuma, K.; Muguruma, . Am Chem Soc 1994 116, 10316.
(30) Meijer, E. J.; Sprik, MJ. Phys Chem A 1998 102 2893.
(31) Larson, L. J.; Kuno, M.; Tao, F.-Ml. Chem Phys 200Q 112

ing complexes are predicted to be even larger than those of theg830.

S—N bond in the nitrogen-containing complexes. Thus, synthesis
and experimental detection of the oxygen-containing complexes

CH3OH—SG; and (CH),0—S0Os should provide additional

(32) Loerting, T.; Liedl, K. R.Proc. Natl. Acad. Sci. U.S.200Q 97,

(33) Loerting, T.; Liedl, K. RJ. Phys Chem A 2001, 105, 5137.
(34) Standard, J. M.; Buckner, I. S.; Pulsifer, D. 3. Mol. Struct

avenues for exploration of gas/condensed-phase behavior in gTHEOCHEM)2004 673 1.

new class of doneracceptor complexes.
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