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The presence of different anionic species in natural waters can significantly alter the degradation rates of
chlorinated methanes and other organic compounds. Favorable reaction energetics is a necessary feature of
these nucleophilic substitution reactions that can result in the degradation of the chlorinated methanes. In this
study, ab initio electronic structure theory is used to evaluate the free energies of reaction of a series of
monovalent anionic species (OHSH-, NO;~, HCO;~, HSG;~, HSO,, H,PO,~, and F) that can occur in

natural waters with the chlorinated methanes,£CCkLH, CCLH,, and CCIH. The results of this investigation

show that nucleophilic substitution reactions of Qi$H-, HCO;™, and F are significantly exothermic for
chlorine displacement, N reactions are slightly exothermic to thermoneutral, HSf@actions are slightly
endothermic to thermoneutral and HSOand HPO,~ reactions are significantly endothermic. In the case of

OH-, SH~, and F where there are limited experimental data, these results agree well with experiment. The
results for HC@™ are potentially important given the near ubiquitous occurrence of carbonate species in
natural waters. The calculations reveal that the degree of chlorination, with the exception of substitution of
OH~, does not have a large effect on the Gibbs free energies of the substitution reactions. These results
demonstrate that ab initio electronic structure methods can be used to calculate the reaction energetics of a
potentially large number of organic compounds with other aqueous species in natural waters and can be used
to help identify the potentially important environmental degradation reactions.

I. Introduction gas-phase entropy estimates, and continuum solvation models

. to provide estimates of the free energies for the following
In natural waters, chlorinated hydrocarbons (CHCs) from o tions:

anthropogenic sources (as well as natural ones) come in contact

with a variety of anions, which through nucleophilic substitution - . -
reactions can cause degradation by substituting foral ¢l N (ag) T CCluag ™ CClN(ag) + CI" o
Despite their potential to have a significant influence on the N™.. .+ CCLH.. .— CCLHN,. .+ CI~
degradation of CHCs, reactions between many environmentally (aa) s (aa) 27 @) (@)
important anions and CHCs are still not well understood. In N () T CCLHyaq— CCIH,N g+ Cl™ o)
addition, they also have the potential to form compounds that

are even more persistent and hazardous than the parent®HCs. N_(aq) + CC|H3(aq)_’ CH3N) Cl_(aq)

It has long been known that OHcan significantly increase
the reactivity of CHCS,and in recent times the importance of where N~ = OH-, SH-, NO;~, HCO;~, HSO;~, HSQ~
SH™ has been demonstrated in both laboratory and field H,PQ,~, F.
investigation$:® Rarely, however, are anionic species other than  Our objective is not only to elucidate the specific reaction
OH~ considered in models that attempt to discern possible energies but also to develop computational approaches that we
degradation pathways for CHCs found in natural waters. There can use to study a wider variety of chlorinated hydrocarbons
are two compelling reasons as to why other anions may play as well as reaction kinetics. Future work will focus on detailed
an important role in the environmental degradation of CHCs. mechanisms and barriers for reactions that we find to be
The first is that monochlorinated hydrocarbons are known to thermodynamically favorable.
undergo substitution reactions with many kinds of nucleo- The development of a computational scheme that can
philes®~11 The second is that significant amounts of unidentified accurately predict the above reaction energies requires some
nonvolatile compounds have been found in many laboratory care. Even though ab initio electronic structure methods are
experiments of the degradation of CHCs in aqueous sysfeds.  constantly being developed and improved upon, these methods

In this work, we report a quantitative ab initio electronic are rarely able to give heat of formations of a broad class of
structure study of the reaction energies of anionic nucleophilic molecules with error limits of less than a few kcal/m®i18
substitution reactions between chlorinated methanes and envi-Only when very large basis sets such as the correlation-
ronmentally important anions. Our focus here is on obtaining consistent basis set%;24 high level treatments of correlation
accurate predictions of the enthalpies and free energies ofenergy such as coupled cluster methods (CCS¥T¥),and
reaction. Of course, favorable thermodynamics is a necessarysmall correction factors such as cenelence correlation
albeit not complete, condition for these substitution reactions energies and relativistic effects are included will the heat of
to proceed under ambient conditions. In this work we combine formation from ab initio electronic structure methods be accurate
a variety of theoretical methods, starting from ab initio electronic to within 1 kcal/mol8-36 Although one can now accurately
structure calculations and then using isodesmic reaction schemes;alculate the heats of formation of molecules with up to six
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first row atoms, such high-level calculations are extremely TABLE 1: Ab Initio Values of Standard Enthalpy of
demanding and scale computationally B for N basis Formation (AH?(298 K)) for CCIsF Species Calculated
functions. In addition to issues associated with ab initio USing the Atomization Approact?

electronic structure methods, our objective here, which is the MP2/ LDA/ BP91/ B3LYP/

determination of free energies of reaction in solution, also cc-pvDzZ Dzvp2 DzVvP2 DzvP2 G2 exp.
requires that solvation and entropic contributions be included AH% —41.01 -79.11 -59.73 —37.57 —72.50 —69.00
in addition to changes in enthalpy.

In this paper, we address these difficulties by using separate
computational steps to deal with the issues of electronic energyefficient. However, the accuracy of both of these levels is quite
differences, entropy, and solvation. First, the enthalpies of good, and both have reproduced experimental atomization
formation of gas-phase GBIly-1N species are calculated energies to within a few kcal/mol for many molecules.
followed by the calculation of entropies of gas-phasgClid 1N Solvent effects were estimated by using the self-consistent
species. These combined calculations yield the free energy ofreaction field (SCRF) theory of Tomasi et 384054 This
gas-phase Ci&l,—1N species. Finally, the solvation energies continuum model can be used with a variety of ab initio
of CH,Cly and CHCly—:N species are calculated. The solvation electronic structure levels. In this study, SCRF calculations were
calculations account for the effect of solvent on gas-phase done at the LDA/DZVP2, BP91/DZVP2, B3LYP/DZVP2, and
energetics. In such calculations, the basic assumption is thatMP2/cc-pVDZ levels.
bonding relations within the Ci€ly—1N species do not change
substantially When going from.the gas phqse to thg sqlution The enthalpies of formation for the gas-phase {BCI
phase. The desired resu_lts of this work, reaction energies in bOthCCIzHN, CCIHoN, and CHN species have been calculated as
the gas phase and solution phase, can now be estlmatc_ad, becau?gllows. Two approaches were used to perform these calcula-
the necessary thermodynamic quantities are known either from

. . . . - 'tions, one for calculating enthalpies of formation for eXGl
experiment or obtained from the calculations described herein. CCLHN, and CCIHN species, and another for calculating 4SH
In section II, the computational methods used in this work ' ;

: ’ " species whose experimental values were not available. The
are described. The results of the calculations of the e”thalp'esenthalpies of formation for the C@N, CChLHN, and CCIHN

of formation of gas-phase GBIy-iN species are reported in  gpecies were calculated using an isodesmic schéritis
section Ill. The difficulties associated with calculating absolute ¢cheme should provide accurate heats of formation, within a
heats of formation from atomization energies are avoided by ¢, kcal/mol, and is computationally tractable. However, the
using a set of isodesmic reactions. The isodesmic reactions (i-e'enthalpies of formations for GHCCIHs, CCbH,, CChH, and

the same number of chemical bond types for_products a|_1d CHsN species must be known. Fortunately, most of these
reactants) are used to relate the unknown enthalpies of formatlonenthmpieS of formation are available from experiment, except
of gas-phase C,tﬂ:ly__lN species to the known expenm_ental for the CH(HSOy), CHy(HSOy), and CH(H,PQ;) molecules.
enthalpies of formation of gas-phase {Cj and CHN species.  The enthalpies of formation for these three molecules were
The.chc7>|ce_of this method is based on results from many caicyjated using the second scheme based on atomization
studies}” which show that using isodesmic reactions leads t0 gnergies calculated at the G2 level. The G2 method calculates
excellent agreement with experiment. Section IV reports the {he atomization energies based on an additivity correction
calculations of the entropies of the gas-phasg@yH:N species  scheme. Unfortunately, unlike the isodesmic approach, the G2

using standard statistical mechanical expressions for the Vibra‘approach is significantly more expensive as a QCISD(T)
tional, rotational, and translational entropy contributions. Section calculation is needed.

V reports the calculations of the solvation energies of the
CH,Cl,-1N and CHCl, species using the continuum solvation  the heat of formation to withie-1 kcal/mol, and other methods
model of Tomasi et &f?°Such a treatment of solvation is more ¢4 have even more difficulty. For example, the G2 value for
computationally efficient than explicitly doing simulations with AH{(CFy) at 0 K is —227.2 kcal/md® as cc;mpared to the
water molecules, and it has been shé give solvation  jANAF value of—221.6+ 0.3 kcal/molS an error of 5.6 kcall
energies within a few kcal/mol, which for this study is adequate 6| gimilarly, the G2 value forH{(CoFs) at 0 K is —164.8
considering the errors in the gas-phase enthalpies of formation., -41/mol18 cor,npared to the experimental value 6156.6 +
Section VI assembles the results to provide estimates of theq 7 cal/mols5 an error of 8.2 kcal/mol. It is useful to note that
reaction energetics of the chlorinated methanes, OCGHC, the G2 values are more negative (higher atomization energy)
CHCl;, and CHCI interacting with monovalent anionic nU-  than the experimental ones. However, the G2 method is
cleophiles, and concluding remarks are given in section VIl.  gjgnificantly better than many other methods for calculating

a All quantities are in kcal/molP Experimental ref 55.

[ll. Calculation of Gas-Phase Enthalpies of Formation

Even at the G2 level, it is not always possible to calculate

II. Ab Initio Calculations heats of formation based on atomization energies. We provide
All of the calculations performed in this study were done & SPecific example for CeF as shown in Table 1. The enthalpy
with the Gaussian-94! Gaussian-982 or NWChen? program of formation for CCHF is calculated by using atomization

energies from different levels of ab initio theory and errors of
up to 30 kcal/mol are found. This example demonstrates that
care must be taken in choosing the appropriate method for
calculating heats of formation from total atomization energies.

systems. Most of the calculations performed in this study were
done at the density functional theory (DET)evel and at the
second-order MollerPlesset perturbation theory (MP2) level.
The Kohn-Sham equatior8 of DFT were solved using the

LDA, 47 BP914849 and B3LYPV5! exchange-correlation func- The c_alculate_d enthalpies of reaction for the following
tionals with the polarized doubleDZVP22 basis set. The MP2 ~ ISodesmic reactions:

calculations were done using the correlation-consistent cc- .

VDZ1%-24 pasis set. Certain calculations performed in this study CCLN + CH, = CHyN + CClLH

required higher accuracy and were done either at th¥ G2 CCILHN + CH, — CH3;N + CCl,H,

G2(MP2J3 levels. The G2 level is slightly more accurate than
the G2(MP2) level, but the latter is computationally more CCIH,N + CH, — CH;N + CClIH;,
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TABLE 2: Gas-Phase Standard Enthalpies of Formation TABLE 3: Miscellaneous Experimental and G2(MP2)
(AH*®(298 K)) from Isodesmic Reactions and G2 Gas-Phase Enthalpies of Formation (kcal/mol)
AH°1(298.15 K) compd AH% compd AH% compd AH%
isodesmic f lati
(tsodesmic formulation) AH"(288.15 K) H 52095 CCl,  -245% CI ~55.92
MP2/  LDA/  BP91/ B3LYP/ T RE¥ETT Y C 171.29t CCkH  —24.65 OH- —34.32
cc-pvDZ DZVP2 DzZVP2 DzZVP2 G2 exp N 112.979 CChLH, -22.10 SH —19.4
CCl0OH —69.43 —69.21 —65.15 —64.01 —68.35 ) 59.553 CCIH;  —19.3Z NOs~ —73.48
CHCLL,OH —63.97 —64.36 —62.60 —61.62 —64.16 F 18.974 CH, —17.88 HCOs~ —175.0
CH,CIOH —54.96 —54.87 —54.09 —53.70 —59.79 P 75.20% HSG~  —166.8
CH3OH —49.26 —47.9¢ S 66.636 HSO~ —231.2
CClsSH —13.40 —11.86 —8.68 —7.64 —12.95 Cl 29.082 H.PO,~ —309.2
CHCL,SH —11.48 —11.07 —-866 —7.92 —11.52 F —61.44
CH,CISH -7.01 —-6.66 —544 -520 -—6.98 -
CHiSH —476 -5.3% 2 Calculated at the G2(MP2) level from the acidity of the parent.
CCly(NO3) —39.71 —35.04 —32.83 —29.12 —38.61 b Experimental reference 55Experimental reference 67 AH°;(298.15
CHCIx(NOs) —38.63 —36.78 —34.90 —32.60 K) calculated fromAH®:(0 K) + ideal gas correction.
CH,CI(NOs) —32.42 —31.85 —30.71 —29.87 o o o
CHs(NO3) —32.39 —29.80 ab initio methods are similar with differences on the order of a
CCl(HCO;)  —150.79—-149.97—-145.53-144.09 few kcal/mol. The average absolute differences from MP2/cc-
g:%'ﬁ:ggg el IS8 70 10 T30 pVDZ were 1.42, 3.05, and 4.25 kcal/mol for the LDA/DZVP2,
CHz(Hco3) ’ : : T 14461-145.1 BP91/DzVP2, and B3LYP/DZVP2 methods, respectively. We
CCl(HSOs)P  —129.54—126.54—124.50—121.75 note that the largest differences from the MP2 values are
CHCL(HSOs)® —128.87 —129.04—124.65—122.84 suprisingly at the B3LYP level. The worst case difference was
CHzCl(HS(as)b —122.78-122.88—121.54-120.22 ~10 kcal/mol and it is between the MP2/cc-pVDZ and B3LYP/
CH3(HSOS)b —115.57 DZVP2 calculations for the reaction involving GBIOs. It is
CCly(HSQy)®  —165.73—168.78—166.56—164.36 . . :
CHClL(HSQy)® —164.75—169.18—163.89—165.90 interesting to note that the differences from the MP2 values
CH,CI(HSQy)» —163.85—169.53—169.13—168.41 increase as the number of chlorines increases. Additional insight
CHa(HSOct)"b —162.31 into the accuracy of the isodesmic scheme can be seen with the
CCly(HPQy)° —271.88 -270.30—265.62-263.88 fluorinated species, i.e., C§8l, CHCLF, and CHCIF species,
CHCI(HoPQy)P —272.77 —272.77—268.62—267.33 . . ; . .
CH,CI(HPQ,)> —268.55 —269.50— 266 48— 265.51 because their experimental enthalpies of formation are avail-
CHa(H,POy)P —260.57 able3® In this case, the isodesmic scheme showed a remarkably
CClF —71.51 —72.35 —68.57 —67.10 —72.50 —69.00 accurate absolute difference, with differences between the
SE:EHE —gg-gg —gg-ég —g;-ég —g?-;g 6511 —g;-gg experimental and isodesmic values no worse than 3 kcal/mol.
CH3F2 : : ) "T 5823 _5600 Again, the largest differences are for the most heavily chlori-

nated compounds. The fifth column of Table 2 contains the G2
* Experimental and ab inito total energy values used to determine yg|yes. These calculations were very computationally intensive

these enthalpies of formations are given in Tables 3 and 7 and as,, o4 jimited the number of calculations of this type that could
Supporting Infotmatlon. All quantities are in kcal/mol. The isodesmic be done. As previ v d ibed. th fth lcula-
exchange reactions are: GBJN + CH, — CliHy4q + CHsN. P G2 ’ : p V'_Ousy escribed, the purpose ot these calcula
theoretical values were used for the enthalpies of formation of tions was to provide values faxH*(CHs(HSG;)), AHH(CHs-
CH3(HSQs), CH3(HSQy), and CH(H.PQy). See text® Experimental (HSQy)), and AH°(CH3s(H,PQy)). However, to confirm the
reference 55¢ Experimental reference 686 Experimental reference 67.  accuracy of these estimates we calculated the rest of thdlCH

species using G2 theory to allow comparisons with the isodesmic

approach and experimental data. The agreement of the G2 values
were used to determine the enthalpies of formation for the with the experimental ones is reasonable but certainly not within
CCELN, CCRLHN, and CCIHN species. The defining property  +1 kcal/mol, with an average absolute difference of 1.9 kcal/
of an isodesmic reaction that there are an equal number of like mol. Finally, comparisons between the two different schemes
bonds on the left-hand and right-hand sides of the reaction helpsjj.e., calculations for the C@,OH, CCkH,SH, and CGI(NO)
to minimize the error in the calculation of the reaction energy. species) showed that the G2 theory calculations agreed best with
The reaction enthalpy was calculated from the electronic, the MP2/cc-pVDZ isodesmic calculations, as might be expected
thermal, and vibrational energy differences at 298.15 K at a considering the importance that MP2 calculations have in the
consistent level of theory. The enthalpy of formation of the G2 additivity scheme.
unknown can then be calculated by using Hess’s law with the e also needed the heats of formation of a number of anions
calculated enthalpy change and the known heats of formationto calculate the gas-phase reaction enthalpies for the various
of the other three species, which were obtained from experimentreactions. Table 3 lists the values used in this work. Many of
or other calculated values. For exampleil; CCBN = AHs the heats of formation were known from experiment, and the
CHsN(exp) + AH; CClH(exp) — AH; CHa(exp) — AH,(calc). unknown ones were determined using a calculated proton

The gas-phase enthalpies of formation for the 4B(CI affinity of the anion along with an experimental heat of

CCLHN, CCIH:N, and CHN species reported in Table 2 include formation of the neutral protonated anion. We calculated the
calculated values based on the isodesmic approach and at theroton affinity at the G2(MP2) level. For comparison purposes,
G2 level for a number of species as well as available we calculated the G2(MP2) heat of formation 0f3@,, and
experimental values. Other experimental values are given inthat of HSQ™, from the acidity of HSO, based on the
Table 3. The various ab intio energies needed for the calculationsexperimentalAH; of H,SOy. The G2(MP2) value foAH; (Hz-
and the isodesmic reaction energies are given as SupportingSQy) is —170.6 kcal/mol as compared to the experimental value
Information. The first four columns of Table 2 contain values of —175.7 &+ 2 kcal/mol®® a difference of 5 kcal/mol. The
based on the isodesmic reactions at the MP2/cc-pVDZ, LDA/ calculated value foAH; (HSO,™) from the calculated proton
DZVP2, BP91/DZVP2, and B3LYP/DZVP2 levels. As ex- affinity and the experimental heat of formation 0t$0; is
pected, the calculated heats of formation between the different—231.7 + 2 kcal/mol as compared to the experimental value
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of —231.2+ 2.7 kcal/mol® The heats of formation of HC£, TABLE 4: Experimental and Calculated Values of
HSO;~ and HPQO;~ were obtained similarly at the G2(MP2) Gas-Phase Standard Virtual Molar Entropies (cal/mol-K)
level and are given in Table 3. $°(298.15 K,1 bar)
MP2/ LDA/  BP91/ B3LYP/
IV. Calculation of the Entropy compd exp. cc-pVDZ DZVP2 DZVP2 DZVP2
Given the structures and vibrational frequencies for a gas- CClLOH 77123  78.053 78412  77.967
phase molecule, one can calculate its entropy using formulas CCLHOH 71356  72.066 72.269 72.017
derived from statistical mechanies2® In many cases, results CCIHOH 63029 63.162 63329  63.205
; ’ CH;OH 57.316 56.706 57.073 57.101 57.068
from these entropy formulas with accurate structures and cclsH 80.514 81.348 81.673 81.220
frequencies will often provide more accurate values than those CCLHSH 74.700  75.456 75.691 75.241
determined by direct thermal measurements. CCIH,SH 68.886  69.745 71.979  69.978
The accuracy of the calculated entropies is lower for CHsSH 60.987 60409  60.618  60.630  60.614
. . . . CCl3(NO3) 98.665 97.768 99.369 97.814
molecules with hindered rotatloﬁ%.ln these klnds of molecules, CCLH(NO,) 03.490 93527 94632 93.565
e.g., ethane, one of the most important internal degrees of CCIH,(NOs) 85830 86.111 86.846 86.115
freedom is the rotation of one fragment of a molecule relative CH;(NOs) 76.123  75.707 75.868 76.375 75.860
to the rest about a single bond connecting the two parts. There CCl(HCO;) 98.535  99.217 100.066  99.307
are two limiting cases for this kind of rotation. The first is that CC:ZH(HCO3) 95.027 95'52‘21 96.130  95.573
the barrier impeding the rotation of the functional group is very gﬁ;(_'ﬁ(ggzg)s) %:823 gg:g& ?ggég ggégg
high; the second is that the rotation about the single bond is CCly(HSOy) 105.099 105.840 107.248 105.741
essentially unhindered. For highly hindered rotations, the CCLH(HSOs) 100.260 100.128 102.089 100.954
functional group will not rotate except at extremely high CCIH(HSO) 92596  93.987 94.676 93.635

temperatures. In this case, the rotation can be considered as %CH:?(';'_'SSQ) 1%%-823 1%3;-%2 1%%%%% 18037-164727
torsional oscillation at ambient temperatures, and thus can be 5(HSQy) : ) : ’

. S I CCLH(HSOy) 102.827 103.468 104.525 103.342
treated as a regular vibration in its contribution to the entropy. ccjn,HsQ,) 05.448 95.874 96.654 95.694
However, for temperature ranges where there is nearly free CHy(HSOy) 85.545 85.932 86.595 85.766
rotation (the second limiting case), one must treat the contribu- CCly(H2PQy) 111.383 112.363 113.005 111.601
tion to the entropy in a different way. To calculate accurate CCLH(H:PQy) 106.724  106.358 108.198 107.638
entropies for molecules with nearly unhindered internal bond CClH(HoPQy) 99.116  98.653 100.265  99.772
. s - . CHs(H2POy) 89.292 89.219 89.649 88.996
rotations, we explicitly added a contribution due to each internal CChLF 74030 73.688 74143 74594 74205
bond rotation. Although there were several ways to do this, we cclLHF 70.088 69.850 70.139 70.436 70.184
chose to use the expressions of Pitzer and GWifito estimate CCIHF 63.196 63.082 63.222 63.393 63.260
these contributions. These expressions assume that the bondHsF 53260 53202 53.262 53.324 53.258
rotations were unhindered. Despite the simplicity of this CC:4 74.056  73.589 74-1‘2‘1 74.653  74.241
approximation, it has been demonstrated that this assumptiongglzﬂ2 gg:ggg gg:ggé 22:26; (73}1:2653; gg:égg
only slightly overestimates the entropy of a hindered bond CClIH; 56.066 55.906 55.980 56.058 56.006
rotation. CHy 44518  44.518 44567 44536  44.487
Table 4 lists experimental and calculat&dat 298.15 K for Atomic Standard States
all the molecules considered in this study. Excellent agreement 1/2H, 15.617
is seen between the calculated values and the known experi-C — graphite 1.372
mental values. These errors did not exceed 1 cal/molfK g 12N, 22.898
< 1/2 keal/mol afT ~ 300 K). The CGIN, CCLHN, CCIHN, Vo o s
and CHN species withN = NOs, HCO;, HSO;, HSQ,, and g 7 606
H.PQ, all had hindered rotations due to an oxygen atom that 1/2Ch 27.843
has two single bonds connecting the oxygen atom, one to the 1/2k, 24.22F

rest of the nucleophile and one to the chlorinated methyl  agyperimental reference 67Experimental reference 55.

fragment. The effects of these hindered rotations are included

in the calculation of3°, and account for between 9 and 18 cal/

mol-K of their molar entropies. As seen in comparisons between For exampleAS’y(CClLF) andAG?(CCLF) are calculated from

the calculated and experimental values 9{GH3(NOs)), where the following expressions:

S°hindered CH3(NO3)) = 9.245cal/mol-K (MP2/cc-pVDZ), our

treatment Qf hindered rotations yields good results. In a(_JIdmon AS(CCLF) = S (CCLF) — (S (C-graphite)+

to the rotations about the oxygen atom, there are also hindered .

rotations on the species with = HCO;, HSG;, HSQ,, and 3S°(1/2Ch) + S°(1/2F,))

H,PO, due to rotations of the OH group. However, these o — o _

rotations are much more hindered than the rotations about the /(- Cer) — AHH(CCHR) = TASY(CCLF)

other oxygen atom. In this case, the rotation was considered as

a torsional oscillation and was included as a normal term in the For example, by using the MP2/cc-pVDZ values 81(CCILF)

vibrational contribution to the entropy. and AH°(CCl3F) (isodesmic), the entropy of formation is
The values ofAH; andSin Tables 2 and 4 can be used to calculated to beAS’+(CClsF) = —35.440 cal/mol-K and the

calculate the gas-phase standard Gibbs free energy of formatiorGibbs free energy of formation is calculated toA@&°;(CClF)

of the CChN, CCLHN, and CCIHN species at a given = —60.94 kcal/mol, compared to the experimental values of

temperature. This can be done by calculating an entropy of —35.098 cal/mol-K and-58.54 kcal/mol, respectively. A Table

formation, AS’. This is done by subtracting the entropies of of calculatedAG®; values at 298 K is given as Supporting

the atomic standard states from the virtual entropy of the species.Information.
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TABLE 5: Experimental and Calculated Free Energies of of the solute atoms) and the position of atoms within the solute
g‘é‘?’ﬁ'og é'l‘?_‘mmgglﬁr'\tlhe thg_'lnﬁtesd Methanes and the cavity. This function is then parameterized by comparison with
N, LLAN, 2NN, and LhsN Species vaporization and sublimation free energy data. Despite the
AGg(298.15 K, 1 bar) approximate treatment of solvation in this approach, it and others
MP2/ LDA/  BP91/ B3LYP/ like it have been shown to give hydration energies of many
expth  cc-pvyDZ DZVP2 DZVP2 DZVP2 neutral molecules within a few kcal/mol as compared to
CCLOH -136 -215 —-171 -1.79 experimen#?.40.62-65
CCLHOH —-6.03 596 549 558 Table 5 lists the calculated free energies of solvation at
CCIH0H B S various electronic structure levels for the @@l CCLHN,
CH;OH -31%  —2.81 —365 —3.19 —3.34 : . i
CChSH 292 572 3.05 316 CCIH:N, and CHN species, along with experimental and
CChLHSH ~-028 -037 —0.06 0.3 calculated data for the chlorinated methanes. A value of 1.90
CCIH,SH -1.14 -137 -1.06 —1.08 kcal/mol was added to the calculated free energies, because the
ggfsno 2-273 g-gg g-zeg 2-581 standard state in the gas phase in the Tomasi et al. model is 1
5(NOy T : : : mol/L at 298.15 K rather than at 1 bar of pressure at 298.15 K.
CCLH(NOy) 1.48 0.75 1.66 0.41 ’ :
CClHy(NO3) 211 -122 -063 —142 To perform these calculations, gas-phase geometries were used,
CH3(NOg) -1.36 —026 —029 —0.97 and corrections due to the change in internal vibration and
CCly(HCOy) —-377 —-368 -280 313 rotation were neglected.
CCLH(HCO;) —4.60 —457 -38 -543 The corrections for changes in internal vibrations are expected
CClIHy(HCO3) -7.47 -730 -651 —7.05 X o
CHs(HCOy) 556 -566 -526 565 to be small. However, the corrections for changes in internal
CCly(HSOy) 1.84 1.92 2.52 2.25 rotations may be sizable for the species with hindered rotations
CCLH(HSOy) 0.72 167 161 0.32 and polar substituents. In a worst case scenario, the polar
gﬁ'Hﬁ(ggQ) :é-gg :é-?g :é-ﬂ :é-g; substituent will completely constrain the internal rotations, which
CC?g((HSOZ) 591  -475 _367 —464 could lead to the solvation energies in Table 5 being oversta-
CCLH(HSQy) -1019 -9.84 -764 —8.70 bilized by as much as-25 kcal/mol Shindere{gas)= 9—18
CClIHx(HSOy) -1020 -9.71 -858 —-9.35 cal/mol-K) for the species with hindered rotatio$ € NOg,
CHy(HSQy) -9.47 —9.07 -7.79 —8.90 HCOs, HSO;, HSQy, and HPOy).
CCly(H-PQ) ~433 -546  —412 476 C?)snside%n the a roxima)tions in the model, excellent
CCLH(H-PQy) -807 -612 ~-729 —752 9 PP . ' €
CClH(H-PQy) ~703 -6.66 -7.19 —7.08 agreement with the available experimental results is found,
CHs(H2POy) -8.62 —9.11 -812 —8.68 usually better than 1 kcal/mol, except for GCThis worst case
CClsF 2.7% 4.64 4.72 4.88 4.80 molecule has a small electrostatic term (no dipole), and the
CCLHF 0.98 0.92 1.28 111 121 majority of its solvation energy comes from the empirical cavity-
CCIHF 112 0.07 0.40 0.44 0.23 ; . ; !
CHsF 157 1.45 162 166 1.43 dispersion-repulsion term, rather than from the electrostatic term.
CcCly 1.8 5.04 5.06 5.24 5.20 . ) . .
CClH 0.8 1.46 1.55 1.91 1.54 VI. Calculation of Gibbs Free Energies of Reaction for
CChLH, 0.6¢ 0.29 0.45 0.54 0.43 S\2 Reactions
CClIHz 1.3 1.42 1.39 1.44 1.36 . . )
CH, 3. 3.74 3.62 3.66 3.68 Table 6 shows Gibbs free energies of reaction for the

a Experimental reference 68 Experimental reference 69Experi- following Sy2 reactions:

mental reference 70. _ | | I
_ _ _ N (aq) F CClyag) ™ CCLNg) + Cl' (o)

V. Calculation of Free Energies of Solvation N+ CHCI CHCLN... + €I

We used the continuum solvation model of Tomasi et (aa) 3(@a) 2 aa) (aa)

al38-4054 to describe the solvation thermodynamics of the N oy + CHxClogaqy— CHCINg + Cl gy
CCIN, CCLHN, CCIHN, and CHN species. In this method, a a a g
the solvation energy is composed of a sum of noncovalent N g T CH3CI(aq)—>CH3N(aq)+ le(aq)

electrostatic, cavitation, dispersion, and repulsion energies. For

the electrostatic energy, the solvent, in this casg® His where N~ = OH~, SH~, NO;~, H,PO;~, HCO;~, HSGs,
represented by an infinite homogeneous continuous mediumHSO,~, and F.

having a dielectric constant of 78.3, and the solute is represented Table 6 was generated by using experimental values for
by an empty cavity, inside which the solute’s electrostatic charge AG°{(N™ag), AG®H(Cl™(aq), andAG°(CCliHyg) found in Tables
distribution is placed. This approach self-consistently minimizes 3, 4, and 7, and the remaining valuas;°((CCly-1HyN(g), AG¢-

the electrostatic energy by optimizing the polarization of the (CClLHy), and AG{(CCk-1HyN)), were obtained from Tables
continuous medium and charge distribution of the solute. There 2, 4, and 5.

are many ways to represent the polarization of the continuous In the calculations summarized in Table 6, the calculated
medium, and Tomasi et al. use a surface charge represertation. AG(CCKH,) solvation values were used rather than the
The cavitation, dispersion, and repulsion terms are less straight-experimental values for consistency. The majority of the
forward to handle because the interactions take place at shortcalculated solvation energy in these molecules comes from the
distances. In the present method, these terms are converted toavity-dispersion-repulsion term rather than from the electro-
surface area integrals from their representations as discretestatic term. A similar error in the cavity-dispersion-repulsion
summations$! This is formally done by introducing calibration  term is expected to exist fakG°(CCk-1H,Ng) values. It is
constants from hard sphere packing and applying the Green expected that introducing calculate®iG{(CClHy) solvation
Ostrogradski theorem to convert the volume integrals to surface values will lead to some cancellation of errors in the dispersion-
integrals®® In practice, this results in a cavity-dispersion- repulsion solvation energies for the reactions.

repulsion free energy function that depends on the surface area As expected, the differences in the calculated heats of
surrounding the solute (usually defined by van der Waals radii formation dominated the differences in the calculai€ls with
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TABLE 6: Heats of Reaction (kcal/mol) for the §2 TABLE 8: Enthalpies of Reaction (kcal/mol) for the S\2
Reactions in the Aqueous Phase Reactions in the Gas Phase
Aern AHan
MP2/ LDA/ BP91/ B3LYP/ MP2/ LDA/ BP91/ B3LYP/

compd exp. cc-pVDZ DzZVP2 DZVP2 DZVP2 compd exp. cc-pVDZ DZVP2 DZVP2 DZVP2
CCI;OH —40.84 —41.71 —-37.50 -—36.27 CCIs0H —66.44 —66.22 —62.16 —61.02
CCLHOH —36.07 —36.69 —34.88 —33.55 CCLHOH —60.92 —-61.31 —-59.55 -—58.57
CCIH,OH —28.44 —29.00 —27.81 -—27.51 CCIH,OH —54.46 —54.37 —-53.59 -—53.20
CH3OH —23.27 CH;OH —50.24
CClsSH —27.06 —25.99 —22.76 —21.43 CClsSH —25.33 —23.79 —-20.61 -—19.57
CCLHSH —24.34 —24.34 —-22.05 -20.45 CCLHSH —23.35 —2294 -20.53 -19.79
CCIH;SH —2255 —22.84 —22.07 -—-21.14 CCIH;SH —21.43 —21.08 —19.86 —19.62
CHsSH —23.44 CHsSH —22.54
CCI5NO3 —-6.71 —1.25 0.70 4.67 CCILNOs 2.44 7.11 9.32 13.03
CCLHNO; —7.58 —-3.61 —151 0.24 CCLHNO; 3.58 5.43 7.31 9.61
CCIH;NO; —3.87 —-1.63 —-0.63 —0.25 CCIH;NOs 7.24 7.81 8.95 9.79
CH3NOs —3.81 CH3NOs 7.08
CClL(HCOy) -13.16 -12.63 -7.74 —6.37 CCl(HCO,) -712 -6.30 -1.86 —0.42
CCLH(HCO3) —14.16 —13.95 -10.80 -10.57 CCLH(HCO;) —10.38 -997 -—-7.00 572
CCIHy(HCO3) —14.09 -14.70 -12.34 -11.71 CCIHy(HCO) -864 —915 -—7.35 —6.41
CHs(HCO;) -11.3% CHs(HCOy) —6.70
CCly(HSOy) —0.67 2.17 4.16 7.18 CCl(HSOs) 5.63 8.63 10.67 13.42
CCLH(HSG;) 2.59 3.33 6.71 7.93 CCLH(HSG;) 6.36 6.19 10.58 12.39
CCIHx(HSG;) 4.78 4.45 5.80 7.15 CCIHx(HSG;) 9.90 9.80 11.14 12.46
CHs(HSO;) 9.0 CHs(HSO) 14.33
CCly(HSOy) 17.36 14.53 17.27 18.96 CCl3(HSOy) 34.14 31.09 33.31 35.51
CCLH(HSOy) 16.89 12.52 19.29 17.00 CCLH(HSOy) 35.18 30.75 36.04 34.03
CCIHx(HSOy) 16.43 10.97 12.16 12.51 CCIHx(HSOy) 33.53 27.85 28.25 28.97
CH3(HSQy) 14.85 CHs(HSQy) 32.29
CCly(H.POy) 5.59 5.73 11.37 12.94 CCl3(H2POy) 5.99 7.57 12.25 13.99
CCLH(H-POy) 4.62 6.55 8.65  10.25 CCLH(H-POy) 5.16 5.16 931 106
CCIHz(H2POy) 8.60 7.99 9.91 10.35 CCIH(H2POy) 6.83 5.88 8.90 9.87
CHs(HoPOy) 11.1F CHs(H.PQy) 12.03
CClF -739 —-1160 -1251 -889 -—7.34 CClF —38.93 —41.44 —42.28 -—-38.50 —37.03
CCLHF —7.45 -9.28 —-10.37 —-7.93 —6.05 CCLHF —-37.57 -—38.75 —40.02 -—36.97 —35.63
CCIHF —4.67 —6.07 —7.01 —-536 —453 CCIHF —35.02 —-35.71 —36.78 —35.03 —34.14
CHsF —0.94 CHzF —31.20

a MP2/cc-pVDZ values were used for the solvation energy oflCH  displace Ct. The reactions of the HSO nucleophile are
and CCIH, and experimental values were used for the gas-phase Gibbspredicted to be slightly endothermic to thermoneutral, especially
free energy of formation of C#l and CCIH. ® MP2/cc-pVDZ values  for the more chlorinated species, and it is difficult to tell if CI
were used for the solvation energy of €and CCIH, experimental i he displaced or not without higher level calculations. The

value was used for the gas-phase Gibbs free energy of formation of . . . .
CCLH, experimental value was used for the enthalpy of formation of reactions of the N& nucleophile are slightly exothermic, but

CH3N, and a MP2/cepVDZ values was used for the entropiP2/ again our calculations are not accurate enough to distinguish
cc-pVDZ values were used for the solvation energy ofsHnd whether CI will be displaced or not. The effect of the degree
CClIHs. G2 theoretical and MP2/cc-pVDZ values were used respectively of chlorination is largely nucleophile dependent, and the OH
for the gas-phase enthalpy and entropy of formation ofsCH nucleophile shows the largest effect. In this case, thg S
Experimental value was used for the gas-phase Gibbs free energy ofra5ction generating CEDH is ~15 kcal/mol more favorable

formation of CCIR, than for the reaction generating @bH. The reactions of the

TABLE 7: Experimental Enthalpies and Gibbs Free other nucleophiles do not greatly depend on the degree of

Energies of Formation (kcal/mol) of the Monovalent Anions chlorination. In some cases, the more highly chlorinated is the

in the Aqueous Phase most exothermic, but this trend is reversed in others.
Compd AH% (298.15K, 1 bar)  AG®% (298.15 K, 1 bar) The gas-phase reaction enthalpies are given in Table 8 so
cr —39952 31364 that we can investigate the role of solvation. In looking at Table
OH- —54.970 _37.582 8 we see that the OH SH™, and F reactions have a strong
SH- —4.207 +2.89 enthalpic driving force. The HC® reactions also have an
NO;™ —49.0¢ —25.99 enthalpic driving force, but it is not quite as strong as the other
:ga{ _iﬁg-gg _%‘Z‘g-i‘; reactions. On the other hand, the NOHSO;~, HSQ,~, and
HSO, 21208 _180.67 H,PO,~ reactions do not have an enthalpic driving force.
H.PO, ~309.82 —270.14 Comparing Tables 6 and 8 we see that the effect of solvent is
= —79.50 —66.63 somewhat correlated to the size of anion with respect to the

size of the Ct anion. The reactions with the less bulky anions,
i.e., OH and F, are substantially less exothermic as compared
a worst case error beingl0 kcal/mol for the CGNO; species, to the gas-phase value when the effects of solvent are included,
as expected. Very little difference was seen between the methodsand the reactions with the bulkier anions, i.e.,"SHNOs™,

a Experimental reference 67.

in the entropy and solvation calculations. HCOs;~, HSG;—, HSO,, and HPO,~, are substantially more
Our results clearly show that the OHSH-, HCGO;~, and exothermic than the gas-phase values when the effects of solvent

F~ nucleophiles are thermodynamically favored and €iould are included. However, other parameters besides the charge-

be displaced from the chlorinated methanes. The HS&hd to-size ratio must play a role in solvation. While reactions with

H.PO,~ nucleophiles are not thermodynamically favored to the least bulky anion,F; do have the most endothermic solvent
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effect, the reactions with the most bulky anionP,~, do not by the DOE'’s Office of Biological and Environmental Research.

have the most exothermic solvent effect. This suggests that otheWe also thank the Scientific Computing Staff, Office of Energy

chemical parameters must play a role in the solvent effect for Research, U. S. Department of Energy for a grant of computer

these reactions. time at the National Energy Research Scientific Computing
Center (Berkeley, CA).

VII. Conclusion . . . -
Conclusio Supporting Information Available: Tables of ab initio total

Our theoretical study of reactions between the chlorinated energies and enthalpy corrections for the gas-phas€IGEnd
methanes and the monovalent anions=NOH~, SH™, NO5™, CH,Cly-1N compounds determined from LDA/DZVP2, BP91/
HCO;~, HSG;-, HSQ,~, H,PO,~, and F, shows that the DzVP2, B3LYP/DZVP2, and MP2/cc-pVDZ total energy and
energetics of the nucleophilic displacement reaction are strongly vibrational calculations.
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