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ABSTRACT: The results are reported of a theoretical study of iodomethane (H3C−I, 1) and chloropicrin (Cl3C−NO2, 2), of
the heterodimers 3−6 formed by aggregation of 1 and 2, and of their addition products 7 and 8 and their possible fragmentation
reactions to 9−18. Mixtures of iodomethane and chloropicrin are not expected to show chemistry resulting from their reactions
with each other. The structures and stabilities are discussed of the iodine-bonded molecular aggregates (IBMA) 3 and 4 and of
the hydrogen- and iodine-bonded molecular aggregates (IHBMA) 5 and 6. The mixed aggregates 3−5 are bound on the free
enthalpy surface relative to the homodimers of 1 and 2, and the IBMA structures 3 and 4 are most stable. This result suggests
that the mixture of chloropicrin and iodomethane in the pesticide Midas is a good choice to reduce the volatility of iodomethane
because of thermodynamically stabilizing iodine bonding.
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■ INTRODUCTION
By the end of 2004 the U.S. Environmental Protection Agency
(EPA) completed its phase-out of methyl bromide1 as a
pesticide because of the fumigant’s contribution to atmospheric
ozone depletion.2 A number of alternatives for methyl bromide
have been suggested for various uses,3 and, in October 2007, its
homologue methyl iodide (CH3I, MeI, iodomethane) was
approved for use a plant pesticide.4 Even though the application
of soil fumigants is highly regulated to minimize adverse health
effects on agricultural works and the public,5 the approval of
methyl iodide has generated considerable controversy6,7

because of its toxicology8 and especially its carcinogenicity.9

Methyl iodide and other alkyl iodides are produced naturally
by microorganisms in the surface layers of the oceans10−14 with
an estimated15 global CH3I emission into the atmosphere of
0.1−0.6 Tg I yr−1 (1 Tg = 1012 g). The relatively long
atmospheric lifetime of methyl iodide allows for long distance
transport16 and an atmospheric concentration below 1 pptv
depending on location and season.15 Field volatility studies17

showed that CH3I concentrations would reach about 1 ppmv
on the field shortly after the application and drop off quickly
with distance from the field and over time. Fumigant
volatilization studies showed that 20−80% of methyl iodide
can be emitted into the atmosphere after its field
application,18,19 and, hence, approaches have been explored
to minimize air pollution from soil fumigation and increase
pesticide efficiency.20−22

MeBr and MeI are structurally and functionally similar. The
boiling points of MeBr and MeI are 3.3 °C (37.9 °F) and 42.5
°C (108.5 °F), respectively, and Henry’s law constants H(MeI)
= 0.21 and H(MeBr) = 0.24 are similar, and both are much
higher compared to other fumigants.23 As with MeBr, MeI has a
high propensity to partition into the gas phase, and this is a
major reason for its application in mixtures with other, usually

less volatile pesticides.24−26 These other pesticides contain
chlorinated pyridine moieties, for example, such as trifluor-
omethyl-2,3-dichloropyridine or (trifluoromethyl)pyridine-3-
carbonitrile. Most commonly, however, MeI is applied as
MIDAS,27 a mixture of the pesticides methyl iodide and
chloropicrin20,28 (Cl3C−NO2, trichloronitromethane, TCNM)
either in equal amounts or in various other mixing ratios. The
boiling point of chloropicrin is 112 °C (233 °F). The
application of liquid pesticides leads to soil wetting, mixing
with water, and evaporation. Fumigation seeks to suffocate
pests by creating a gaseous layer of pesticide gas above and
within the soil, and the efficacy of fumigation therefore is
related to the pesticide’s volatility. The fumigant needs to be
volatile enough to allow the applied liquid to evaporate to form
gaseous pesticide. For best fumigant efficiency, the fumigant gas
layer should persist for some time and the volatility of the
applied liquid should be such that it delivers a sufficient gaseous
fumigant concentration over time rather than a very high
concentration for a short time.
We are interested in learning about the physical and chemical

effects of the application of mixtures of chloropicrin and methyl
iodide. Specifically, it is our hypothesis that methyl iodide is
stabilized in liquid MIDAS by iodine bonding between
iodomethane and chloropicrin. The term “halogen bonding”
has been coined to refer to the attractive intermolecular
interaction between organohalides R−X (primarily Br, I) and
highly electronegative heteroatoms (primarily O, N), and
iodine bonding is particularly effective.29−31 With a view to the
known formation of pyridinium iodides on treatment of
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pyridine and amine derivatives with MeI,24,25,32−34 we
examined whether methyl iodide might methylate or even
add to chloropicrin and thereby cause synergistic effects as a
result of the pesticide combination.35

Here we report the results of a higher level ab initio study of
the structures and stabilities of aggregates formed between
CH3I, 1, and chloropicrin, 2, and of some of their addition
products (Figure 1). We have determined the iodine-bonded

molecular aggregates (IBMA) 3 and 4 and the hydrogen-
bonded molecular aggregates (HBMA) 5 and 6. The
methylation of chloropicrin at one of the nitro-O atoms
might result in addition products 7 and 8, and, if accessible, 7
and 8 might serve as reactive intermediates with a number of
possible reaction channels for fragmentation to 9−18.
However, the analysis of the thermochemistry of these
fragmentation reactions and of their kinetic feasibilities shows
that the thermal methylation of chloropicrin by methyl iodide
does not occur to any significant extent. The isomerizations
between aggregates 3−6 are fast, their equilibration is under
thermodynamic control, and aggregates 3−5 are bound with
respect to the homodimers of 1 and 2. Chloropicrin and
iodomethane form iodine-bonded aggregates, and for this
reason chloropicrin is a good choice for the stabilization of
iodomethane in MIDAS to minimize air pollution from soil
fumigation.

■ THEORETICAL AND COMPUTATIONAL METHODS
Potential Energy Surface Analysis. To correctly assess

intermolecular interactions requires correlated electronic structure
methods that account for dispersion; hence, second-order Møller−
Plesset perturbation theory (MP2) was employed for the potential
energy surface analysis and more reliable energies were computed
using quadratic configuration interaction theory including all single

Figure 1. Types of aggregation between chloropicrin and methyl
iodide.

Table 1. Total Energies and Thermochemical Dataa

mol E(MP2) VZPE TE S ν1 ν2 μ E(QCI)

1 −6957.262929 23.73 25.70 60.56 549 948 2.13 −6957.252884
o-(1)2 −13914.528074 47.75 53.17 110.32 10 21 3.68 −13914.507387
c-(1)2 −13914.529556 47.93 53.23 106.89 13 19 0.00 −13914.508852
2a −1621.390471 13.73 18.09 87.38 23 211 2.54 −1621.409473
2b −1621.390311 13.69 17.50 81.08 −24 200 2.55 −1621.409334
c-(2)2 −3242.786597 27.82 37.99 145.51 8 18 2.04 −3242.823495
3 −8578.657109 37.66 45.56 134.48 6 8 1.00 −8578.665282

45.26 131.33 HR
4 −8578.655288 37.60 45.56 138.10 3 12 4.70 −8578.666149

45.26 133.59 HR
5 −8578.659750 38.01 45.67 125.67 8 19 2.21 −8578.667680
6 −8578.655543 37.74 45.56 130.70 7 15 2.86 −8578.663806
7 −8578.626738 39.28 45.98 105.64 70 103 2.71 −8578.627562
8 −8578.623479 39.32 46.16 109.18 36 69 3.65 −8578.634140
TS(7,8) −8578.582839 38.79 45.15 104.25 −51 61 7.21 −8578.608132
MRTS(7) −8578.595994 38.51 44.95 103.49 −188 69 4.82 −8578.340517
MRTS(8) −8578.599081 38.96 45.33 105.15 −158 40 5.15 −8578.610811
9 −8334.320121 5.64 9.36 83.33 182 182 0.58 −8334.323932
10a −244.319937 30.79 33.73 68.47 107 233 2.93 −244.340517
10b −244.323923 31.18 33.86 66.38 226 370 2.15 −244.343872
11 −1456.581623 30.91 34.46 77.61 256 256 2.06 −1456.630463
12 −7122.080504 7.15 9.72 71.98 204 298 2.48 −7122.040534
13a −7122.066367 5.41 8.33 73.41 153 210 1.94 −7122.041376
13b −7122.074941 5.93 8.57 71.84 195 387 1.81 −7122.049901
14 −1531.594977 33.50 37.84 84.44 82 211 2.44 −1531.644468
15 −7047.086056 3.69 5.96 67.69 220 471 2.54 −7047.053986
16 −7047.060719 3.88 6.29 68.88 167 327 5.90 −7047.039933
17 −1546.372660 9.71 13.71 82.52 76 222 0.84 −1546.408360
18 −7032.250398 26.62 29.14 69.25 247 296 1.75 −7032.241457
TS(5,7) −8578.546300 37.28 44.12 109.41 −858 31 5.60 −8578.546780
TS(5,8) −8578.550777 36.90 43.68 108.63 −521 26 5.34 −8578.541782

aAll data based on RMP2(full)/6-31G* structures. E(QCI) values computed at the UQCISD/6-31G* level. Total energies (E) in atomic units,
vibrational zero-point energies (VZPE) and thermal energies (TE) in kcal/mol, entropies (S) in cal/(mol·K), frequencies (νi) in cm−1, and dipole
moment (μ) in Debye
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and double excitations (QCISD).36,37 All electrons were included in
the active space, i.e., MP2(full) and QCISD(full). The standard 6-
31G* basis set38 was employed for H, C, N, O, and Cl atoms, iodine
was described with a [10.9.5] contraction of a (15.12.7) basis set,39

and in the following we refer to the resulting basis set simply as 6-
31G* for brevity. Stationary structures of minima and transition state
structures were optimized40 and harmonic vibrational frequencies were
computed at the RMP2(full)/6-31G* level, and results are listed in
Table 1. Cartesian coordinates of all stationary structures are provided
as Supporting Information. Relative, reaction, and activation energies
are reported in Table 2 and include energies (ΔE), enthalpies (ΔH0 =
ΔE + ΔVZPE, ΔH298 = ΔE + ΔTE), and free enthalpies (ΔG298 =
ΔH298 − T·ΔS) computed at MP2(full)/6-31G* level. In a few
pertinent cases, the thermochemical analysis was refined by explicit
treatment of internal hindered rotors.41

UHF Instabilities and UQCISD Computations. The restricted
Hartree−Fock (RHF) wave functions were tested for possible UHF
instabilities,42,43 that is, it was examined whether the use of an
unrestricted Hartree−Fock (UHF) wave function would lower the
energy. UHF instabilities may occur for several reasons. Nitro
compounds are isoelectronic with ozone, and the UHF instability of

ozone is a well-known, classic case.44 The UHF instability occurs
because the spin-coupling of the electrons in one of the π-type MOs is
weak and singlet biradical character becomes important. Similar
phenomena have recently been reported for conjugated macrocycles45

and for fullerenes and nanotubes.46 Indeed, we found that chloropicrin
does exhibit a UHF instability. With the UHF instability of 2, one
would expect UHF instabilities to occur in the homodimers of 2 and in
its aggregates 3−6 formed with 1, and these expectations are met with
the exception of 4. The restricted wave function of mixed aggregate 4
is stable. UHF instabilities also are to be expected in high-energy
products formed by addition reactions which require the cleavage of σ-
bonds and in the associated transition state structures. Indeed, stability
tests for 7, 8, TS(7,8), TS(5,7) and TS(5,8) revealed UHF instabilities
in all cases. The potential fragmentation reactions of 7 and 8 involve
the products trichloroiodomethane (9, Cl3C−I), methyl nitrite (10,
H3CO−NO), 1,1,1-trichloroethane (11, Cl3C−CH3), nitryl iodide
(12, I−NO2), nitrosyl hypoiodite (13, IONO), trichloromethyl methyl
ether (14, Cl3C−O−CH3), nitrosyl iodide (15, I−NO), isonitrosyl
iodide (16, I−ON), trichloronitrosomethane (17, Cl3C−NO), and
the methyl ester of hypoiodous acid (18, IO−CH3). Several of the
fragmentation products 9−18 also show UHF instabilities, and these

Table 2. Relative, Reaction, and Activation Energiesa

rel or act. energy ΔE ΔH0 ΔH298 ΔG298 ΔE′ ΔG′

Eact, 2b vs 2a 0.10 0.06 −0.49 1.39 0.09 1.38
2 1 → c-(1)2 −2.32 −1.86 −0.48 3.76 −1.94 4.14
2 1 → o-(1)2 −1.39 −1.11 0.39 3.61 −1.02 3.98
2 2a → c-(2a)2 −3.55 −3.19 −1.75 6.98 −2.85 7.68
1 + 2a → 3, IBMA(O) −2.33 −2.13 −0.56 3.45 −1.84 3.94

with hindered rotor −0.86 4.10 4.59
1 + 2a → 4, IBMA(Cl) −1.19 −1.05 0.59 3.52 −2.38 2.33

with hindered rotor 0.29 4.10 2.91
1 + 2a → 5, IHBMA(O) −3.98 −3.44 −2.10 4.54 −3.34 5.18
1 + 2a → 6, IHBMA(Cl) −1.34 −1.07 0.43 5.57 −0.91 6.00
c-(1)2 + c-(2a)2 → 2 3 0.61 0.40 0.55 −1.92 0.56 −1.97

with hindered rotor 0.26 −1.27 −1.32
c-(1)2 + c-(2a)2 → 2 4 1.75 1.47 1.70 −1.85 0.02 −3.58

with hindered rotor 1.40 −0.80 −2.53
c-(1)2 + c-(2a)2 → 2 5 −1.05 −0.92 −0.99 −0.83 −0.95 −0.73
c-(1)2 + c-(2a)2 → 2 6 1.59 1.46 1.54 0.20 1.49 0.10
Erel(8 vs 7) 2.05 2.09 2.23 1.17 −4.13 −5.01
Eact(7 → MRTS(7)) 19.29 18.53 18.26 18.90 23.93 23.54
Eact(8 → MRTS(8)) 15.31 14.95 14.48 15.68 14.64 15.01
1 + 2a → 7 16.73 18.55 18.92 31.54 21.83 36.64
1 + 2a → 8 18.78 20.63 21.15 32.71 17.71 31.64
c-(1)2 + c-(2a)2 → 2 7 19.66 21.07 20.04 26.17 24.23 30.74
c-(1)2 + c-(2a)2 → 2 8 21.71 23.16 22.26 27.34 20.10 25.73
Erel, 10a vs 10b 2.50 2.10 2.37 1.74 2.11 1.35
Erel, 13a vs 13b 5.38 4.86 5.14 4.67 5.35 4.64
Erel, 13b vs 12 3.49 2.28 2.34 2.38 −5.88 −6.99
Erel, 16 vs 15 15.90 16.09 16.23 15.88 8.82 8.80
A: 1 + 2a → 9 + 10b 5.87 5.24 5.31 4.78 −3.42 −4.51
B: 1 + 2a → 11 + 12 −5.48 −4.88 −5.09 −5.58 −5.42 −5.52
C: 1 + 2a → 11 + 13 3.39 2.26 2.39 1.47 −11.30 −13.22
D: 1 + 2a → 14 + 15 −17.34 −17.61 −17.33 −18.58 −22.65 −23.89
E: 1 + 2a → 17 + 18 19.04 17.90 18.10 16.96 7.87 5.79
Eact(7 → TS(7,8)) 27.55 27.06 26.71 27.13 12.19 11.77
Eact(8 → TS(7,8)) 25.50 24.97 24.49 25.96 16.32 16.78
Eact(5 → TS(5,8)) 66.72 65.96 64.85 72.56 76.57 82.41
Eact(8 → TS(5,8)) 45.62 43.20 43.14 43.31 57.96 55.65
Eact(5 → TS(5,7)) 71.19 70.46 69.64 74.49 75.87 79.17
Eact(7 → TS(5,7)) 50.48 48.48 48.61 47.49 50.69 47.70
aAll data in kcal/mol. Energies (ΔE), enthalpies (ΔH0, ΔH298), and free enthalpies (ΔG298) computed at MP2(full)/6-31G* level. Energies (ΔE′)
computed at UQCISD(full)/6-31G*//MP2(full)/6-31G* level and free enthalpies ΔG′ = ΔE′ + (ΔG298 − ΔE).
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include the nitrites 10 and 13, the nitro compound 12, and the nitroso
compounds 15−17. The restricted wave functions of 9, 11, 14, and 18
are stable.
Higher levels of electron correlation are required to compute

reliable energies for significantly spin-polarized electronic systems;
therefore, we determined energies at the UQCISD(full)/6-31G*//
RMP2(full)/6-31G* level, and these results are included in Table 1 in
the E(QCI) column. In Table 2 are provided the relative and reaction
energies ΔE′ computed at the UQCISD(full)/6-31G*//RMP2(full)/
6-31G* level, and the free enthalpies ΔG′ = ΔE′ + (ΔG298 − ΔE)
include the thermochemical corrections computed at the level of
optimization.
Electronic Structure and Molecular Properties. Electronic

structures were characterized by population analysis,47,48 by inspection
of the molecular electrostatic potentials (ESP),49 and by analyses of
spin density distributions.50

Hardware and Sofware. Computations were performed with the
quantum-mechanical software Gaussian 0951 on the SGI Altix system
(BX2 NUMA architecture machine with 64 1.5 GHz Intel Itanium2
processors and 128 GB of shared memory) of the Research Supporting
Computing facility at the University of Missouri.

■ RESULTS AND DISCUSSION
Molecular Structures of Iodomethane and Chloropi-

crin. Molecular models of 1, 2, and their homodimers are
shown in Figure 2. The computed structure of iodomethane 1

(d(C−I) = 2.160 Å; ∠(H−C−I) = 107.9°) agrees well with the
experimental structure (d(C−I) = 2.139 Å; ∠(H−C−I) =
111.5°) determined by microwave spectroscopy.52 Chloropicrin
adopts an eclipsed structure 2a in which one C−Cl bond and
the NO2 group are coplanar. The staggered structure 2b is a
transition state structure for rotation about the C−N bond (i24
cm−1) with a relative free enthalpy of 1.4 kcal/mol. Barss
studied the gas phase structure of chloropicrin by electron
diffraction;53 he determined the values d(C−Cl) = 1.75 ± 0.01
Å, ∠(Cl−C−Cl) = 110.8 ± 2.0°, and d(C−N) = 1.59 ± 0.04 Å
and found the values d(N−O) = 1.21 Å and ∠(O−N−O) =

127° to be compatible with the observed intensities. The
agreement with the computed values d(C−Cl) = 1.749 Å
(1.754 Å (2×), 1.740 Å) and d(C−N) = 1.576 Å is very good,
and the NO2 parameters d(N−O) = 1.231 Å and ∠(O−N−O)
= 128.1° also match closely. The computed ∠(Cl−C−Cl)
angles (111.6° (2×), 111.5°) fall well within the experimental
range, and molecular rotation in the gas phase would tend to
reduce the ∠(Cl−C−Cl) angles slightly.

Electronic Structures and Electrostatic Potentials of
Iodomethane and Chloropicrin. Mulliken and natural
population analyses of the MP2(full)/6-31G* electron density
of MeI show an almost neutral iodine, but the sign of q(I)
depends on the method (MPA, −0.027; NPA, +0.064). Both
methods agree that the C(δ−)−H(δ+) bonds are heavily
polarized with positive q(H) values (MPA, +0.220; NPA,
+0.255). The atom and group charges in chloropicrin show an
overall electron withdrawing nitro group with q(NO2) values of
−0.075 (MPA) and −0.159 (NPA) and strong internal
quadrupolar charge distribution with high negative charges on
both atoms (MPA, q(Oecl) = −0.294, q(Ob) = −0.292; NPA,
q(Oecl) = −0.299, q(Ob) = −0.307). It is interesting and
significant that the charges on the chlorine atoms are positive
(MPA, q(Clecl) = +0.132, q(Clb) = +0119; NPA, q(Clecl) =
+0.109, q(Clb) = +0.092), and their sum exceeds the overall
CCl3 group charge. In 2 it is beneficial to place a small negative
charge q(C) of −0.229 (MPA) or −0.134 (NPA) close to the
highly electron-deficient nitro-N with its charge q(N) of +0.446
(MPA) and +0.447 (NPA).
Population analysis methods rely on the partitioning of the

molecular electron density into atomic regions. The results of
the population analyses are fully corroborated by an electro-
static potential (ESP) analysis which is based on the molecular
electron density distribution and independent of any
partitioning. We determined the electrostatic potentials around
1 and 2 using both the MP2 and the QCI electron densities,
and the surface-mapped plots of the QCI analysis are shown in
Figure 3. The plots expound in an impressive fashion the high
negative electrostatic potential at the nitro-O atoms and the
high positive electrostatic potential around the methyl group.
Interestingly, the ESP analysis reveals important details in the
halogen regions. Iodine carries a very small charge only and
features regions of negative and positive electrostatic potential:
there remains a ring of negative potential (orange), and positive
ESP values occur only in a small region of the iodine surface
which is opposite to the CH3 group. The chlorine atoms are
positively charged, and the ESP values are positive on the entire
surface surrounding the chlorine atoms. As with iodine, the ESP
maxima on the chlorine atoms occur on the R−X lines and
opposite to R.

Electrostatics and Intermolecular Interactions. The
intramolecular charge distributions and electrostatic potentials
inform the following discussions of intermolecular interactions.
An R−I···O contact is a genuine iodine bonding interaction
because it involves the interaction between an organohalide R−
X and the negatively charged nitro-O atom. The important
features of an iodine bonding interaction are the presence of a
high negative charge on the heteroatom in close proximity to
the highly polarizable iodine atom, i.e., an interaction in which
charge-induced polarization is a dominant term. If the iodine
atom is somewhat positively charged, then there is an additional
bonding contribution due to charge−charge attraction.
Strictly speaking, an R−I···Cl contact would be considered as

an iodine bonding interaction if the iodoalkane were to interact

Figure 2. Molecular models of the optimized structures of methyl
iodide 1, chloropicrin 2, and of some of their homodimers.
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with a negatively charged Cl atom. In the present case,
however, the Cl atoms are positively charged, and the positive
charge is actually quite significant in magnitude. We suggest
that the term iodine bonding remains applicable and beneficial
if it is used in a more general, expanded sense for contacts that
derive attraction from induced polarization whereby the
inducing charge can be negative or positive.
Even though there is a tendency to focus on electrostatic

interactions in discussion of halogen bonding (as with
hydrogen bonding),30 the bonding contribution from dis-
persion is large, and correlated methods are essential to
correctly evaluate halogen bonding situations. Finally, one
should distinguish between halogen bonding contacts and
halogen−halogen contacts. The latter term refers to attractive
interactions between identical or different halogen atoms in the
absence of large molecular polarization and with dispersion
being the main source of attraction.
Singlet Biradical Character of Chloropicrin. The RHF

wave function of 2 exhibits a UHF instability and the
unrestricted wave function of 2 is spin-polarized in a way that
is reminiscent of ozone.44 The spin density distributions
computed at the UHF, UMP2, and UQCISD levels are shown
in Figure 4, and the methods agree on the major features of the
spin polarization. Opposite spin density accumulates on the

oxygen atoms while the basin of the central nitrogen is spin-
polarized but essentially without overall spin population.
The methods disagree however significantly with regard to

the degree of spin polarization. The UHF method usually
overestimates spin polarization because the method is prone to
spin contamination, that is, the admixture of higher spin states
and especially of the contribution from the next higher spin
state s + 1 (triplet in the case of 2). The employment of better
correlation methods removes spin contamination successfully,
and especially the UQCISD spin densities are of high quality.
Note that the charge distribution patterns computed at all levels
are in qualitative agreements and the MPA(UQCI) data show
somewhat higher bond polarities.

Self-Aggregation of Iodomethane and Chloropicrin.
The self-aggregation of methyl iodide54 may involve iodine−
iodine bonding (mainly dispersion) between two antiparallel
and more or less collinear MeI molecules. However, an
optimization starting from such a structure resulted in an open
dimer o-(1)2 (Figure 2) in which iodine of one molecule
engaged in one iodine−iodine interaction (4.304 Å) and one
iodine−hydrogen contact (3.359 Å, hydrogen-charge induced
iodine polarization) with the other iodomethane. Another
mode of MeI self-aggregation may involve two iodine−
hydrogen contacts (3.306 Å) between two antiparallel and

Figure 3. Electrostatic potentials mapped on the total electron density surfaces of methyl iodide 1 (top row) and chloropicrin 2, respectively,
computed with the QCI/6-31G* electron densities. Electrostatic potentials from −0.03 (red) to +0.03 (blue) and electron density surface computed
for ρ = 0.002 e/au.3

Figure 4. Spin density distributions of the singlet unrestricted wave functions of chloropicrin 2 computed at the levels UHF/6-31G*, UMP2(full)/6-
31G*, and UQCISD(full)/6-31G* using the MP2(full)/6-31G* optimized structure. Surfaces are drawn for α and β spin density values of 0.004 e/
au.3 Atom charges (q) and spin populations (qS) determined by Mulliken population analysis (MPA) for each electron density.
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side-by-side placed MeI molecules (dipole−dipole attraction).
The resulting cyclic dimer c-(1)2 is slightly preferred over the
open dimer o-(1)2.
As with MeI, the self-aggregation of chloropicrin likely

involves the side-by-side placement of antiparallel oriented
molecules to benefit from the dipole−dipole attraction. We
constructed an initial structure with Ci-symmetry in which one
chlorine of one molecule was oriented toward the nitro-N of
the other and vice versa, i.e., one Cl of chloropicrin was in
contact with both O atoms of the other chloropicrin. However,
the optimization resulted in the asymmetric cyclic dimer c-(2)2
shown in Figure 2. Dimer c-(2)2 contains one eclipsed and one
staggered chloropicrin, and the NO2 planes are almost
perpendicular with regard to each other while two CCl2 planes
remain essentially parallel. The arrangement allows for three
Cl···O contacts: one between one O(NO2) atom of the
eclipsed molecule and one Cl of the staggered molecule
(d(Cl···O) = 3.242 Å), and two contacts between the two O
atoms of the NO2 group of the eclipsed molecule and two
chlorines of the staggered chloropicrin. The latter two contacts
involve one chlorine bonding interaction in which Cl bridges
between two O atoms (d(Cla···Oa) = 3.144 Å, d(Cla···Ob) =
3.377 Å) and one contact of another Cl with just one of the O
atoms (d(Clb···Ob) = 3.561 Å). This arrangement leaves two
C−Cl bonds of the two CCl3 moieties pointing roughly in the
same direction. Clearly, minimization of the aggregate dipole
moment of c-(2)2 is not a major driving force affecting the
aggregate structure and, instead, halogen bonding is the
structure maker.
Molecular Aggregates of Iodomethane and Chlor-

opicrin. As shown in Figure 1, iodomethane may bind to
chloropicrin with its iodine side and form iodine-bonded
molecular aggregates (IBMA) or it may bind chloropicrin with
its methyl side and form hydrogen-bonded molecular
aggregates (HBMA). In addition, iodomethane may engage in
iodine and hydrogen bonding at the same time and form
IHBMA structures. Chloropicrin may engage in iodine or
hydrogen bonding with one or both of its O atom(s) or with
one or more of its Cl atoms.
We searched for all possible aggregates and located the

IBMA structures 3 and 4 and the IHBMA structures 5 and 6
(Figure 5). Chloropicrin is eclipsed in all aggregates. In
aggregates 3 and 4, the CH3 and CCl3 groups are staggered
with respect to each other. In the IBMA(O) structure 3, iodine
bridges asymmetrically between the O atoms (d(I···Oa) = 3.460
Å, d(I···Ob) = 3.791 Å, d(I···N) = 3.990 Å). In the IBMA(Cl)
structure 4, iodine is in contact with one Cl atom (d(I···Cla) =
4.001 Å, dashed in Figure 5) and considerably further away
from the other chlorines (d(I···Clb) = 4.427 Å, d(I···Clc) =
4.506 Å, dotted in Figure 5).
In the IHBMA(O) structure 5, one H atom bridges between

the O atoms (d(H···Oa) = 2.681 Å, d(H···Ob) = 2.729 Å,
d(H···N) = 2.986 Å) and iodine also bridges both O atoms
(d(I···Oa) = 3.611 Å, d(I····Ob) = 3.630 Å). In structure 6, two
H atoms are in contact with two Cl atoms (d(Ha···Cla) = 3.150
Å, d(Hb···Clb) = 3.511 Å), and iodine is in contact with the
third Cl atom (d(I···Clc) = 4.150 Å). Considering the charge
distributions and electrostatic potentials of 1 and 2, one must
deduce that the attractive feature of 6 is hydrogen-charge
induced chlorine polarization rather than classical hydrogen
bonding (which requires negatively charged chlorine).
Stabilities of Homodimers vs Heterodimers. The ΔE

data in Table 2 show that the reaction energies for the

formation of the homodimers c-(1)2 and c-(2a)2 and of the
mixed aggregate 3−6 are slightly negative; all dimers are bound
on their respective energy surfaces. The contacts of MeI formed
with O(2) are preferred over the contacts with Cl(2), and the
formation of IHBMA 5 is best. Of course, aggregation reduces
the rotational and translational freedom of the aggregated
species, the reaction entropy is negative for aggregate forming
reactions, and hence, the −T·ΔS terms will be positive. We find
that the entropy terms overwhelm the binding enthalpies for all
homo- and heterodimers: the computed free enthalpies ΔG298

and ΔG′ of the aggregations all are positive, and, hence, none of
these aggregates are stable in the gas phase.
The benefits of mixed aggregation in solution are less

affected by entropy effects because 1 and 2 engage in self-
aggregation in their pure liquids. Liquids are highly dynamic
systems, and the environment around each one molecule
constantly changes. At all times, however, every molecule in a
pure liquid is surrounded by a number of molecules of the same
type. Any pair of molecules may assume a variety of
configurations, and the optimized homodimer structures are
the ones that are energetically preferred and they occur most
often. In a liquid mixture, every molecule is surrounded by a
number of molecules of two kinds, and these pairs also adopt a
variety of configurations. For any pair of different molecules,
the optimized heterodimer structures are the energetically
preferred configurations and they occur most often. We are
primarily interested in the difference of the free enthalpies of
homodimers and heterodimers. A higher stability of the
heterodimers compared to the homodimers provides strong
evidence for reduced volatility of the liquid mixture. In the
simplest model, one can consider the homodimers and evaluate
the reactions that convert one homodimer of 1 and one
homodimer of 2 to two mixed aggregates of 1 and 2. We
computed the respective values for heterodimers 3−6, and they
are also listed in Table 2. Note that all of the reaction energies
listed in Table 2 are based on the formation of one mixed
aggregate. With reference to the homodimers, the formations of
3−5 are found to be exergonic while the formation of 6 remains
slightly endergonic. The iodine-bonded structures 3 and 4 are
almost isoenergetic (ΔGform = −1.9 kcal/mol) and bound
significantly more than the hydrogen-bonded aggregate 5
(ΔGform = −0.8 kcal/mol).

Figure 5. Models of the optimized structures of molecular aggregates
formed between chloropicrin and CH3I. Dashed and dotted lines
indicate major and minor intermolecular contacts, respectively.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf2037906 | J. Agric. Food Chem. 2012, 60, 1776−17871781



It is important to note that the binding of the most stable
mixed aggregates 3 and 4 is due to the entropy terms and that
this binding occurs in spite of the fact that self-aggregation
would provide more binding enthalpy. Conversely, mixed
aggregate 5 has the highest binding energy with regard to free
monomers (ΔE = −4.0 kcal/mol) and its binding energy
remains negative with regard to the homodimers (ΔE = −1.1
kcal/mol). However, the high binding energies of 5 are
achieved only with a high degree of structural order and at the
expense of its molecular entropy.
The analysis of the differences ΔΔE = ΔE′ − ΔE is highly

instructive. The ΔΔE values are usually positive and less than
0.5 kcal/mol but the ΔΔE values for one system stand out. For
the formation of aggregate 4, the ΔΔE values are negative and
greater than unity in magnitude and show that the iodine−
chlorine contact in 4 greatly benefits from dispersion. It is this
dispersion effect on the binding of 4 that changes the stability
ranking based on the ΔG′form values as compared to the ΔGform

data: 4 (ΔG′form = −3.6 kcal/mol) > 3 (−2.0 kcal/mol) > 5
(−0.7 kcal/mol).
Methyl Group Rotations in Iodine-Bonded Aggre-

gates 3 and 4. The thermochemical data listed in Table 1 are
computed with the harmonic approximation and assuming that
even the low-frequency modes are bona fide vibrations.
However, aggregates 3 and 4 contain one internal degree of
freedom that corresponds to an essentially free methyl group
rotation, and the treatment of this internal rotation as a
vibration may add considerable error to the thermochemical
data. Hence, we computed the thermochemistry of 3 and 4
again with proper accounting for the internal methyl rotation
(instead of vibration ν1) using the method by Ayala and
Schlegel,41b and the resulting TEHR and SHR values are included
in Table 1 in the second rows for 3 and 4.
The proper treatment of the internal hindered rotors reduces

the thermal energies and the molecular entropies of 3 and 4.
The lowered value of TEHR increases the stability of the

aggregate. On the other hand, the ΔS values for the formation
of 3 and 4 are negative since S(3) and S(4) are smaller than the
sum of S(1) and S(2b), the ΔS values become more negative
with the hindered rotor thermochemistry, and, hence, the free
enthalpy of formation becomes less negative. The overall
consequences are that the values ΔG′f,HR(3) and ΔG′f,HR(4) are
slightly reduced to −1.3 and −2.5 kcal/mol, respectively.

Aggregation Effects on Electrostatic Potentials. We
performed Mulliken population analyses (MPA) and computed
electrostatic potentials with the QCI electron density
distributions to assess the electronic relaxation associated
with the formation of aggregates 3−6. In Figure 6 are shown
the electrostatic potentials mapped on isosurfaces of the total
electron densities, and the results of the population analysis are
provided in Table 3 in the Supporting Information.
Aggregation reduces the negative charge on the NO2 group,

increases the positive charge of the CCl3 group, and causes a
small transfer of electron density to CH3I. These changes are
negligible for 4 and 6, while the intermolecular charge transfer
is on the order of 0.02−0.03 electron for 3 and 5 and causes
noticeable differences in the electrostatic properties in the
iodine region of 3 and 5 (Figure 6) compared to the respective
plots of the free molecules 1 and 2 (Figure 2). The ESP plots
show the ring of negative potential around iodine to be
enhanced in 3 and 5.

Addition Chemistry of Iodomethane and Chloropi-
crin. The addition of 1 to the NO2 group of 2 may involve
either 1,2- or 1,3-addition and lead to 7 or 8, respectively. Both
addition products correspond to stable minima (Figure 7): 7 is
the N-oxide of N-iodo-N-methoxytrichloromethyl-amine
(d(N−I) = 2.593 Å), 8 is a hydroxylamine derivative (d(O−
I) = 2.548 Å), and the thermodynamic stabilities of 7 and 8 are
similar with only a small preference of ΔGrel = 1.2 kcal/mol for
7 over 8 (Table 2) at the level of optimization. Isomers 7 and 8
are connected by the transition state structure TS(7,8) for 1,2-
iodine shift, and the activation barriers (ΔGact) for the forward

Figure 6. Electrostatic potentials mapped on the total electron density surfaces of aggregates 3−6 computed with the QCI/6-31G* electron
densities. Electrostatic potentials from −0.03 (red) to +0.03 (blue) and electron density surface computed for 0.002 e/au.3 Molecules are oriented as
shown in Figure 5.
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and backward reactions of the isomerization 7⇄ 8 are 27.1 and
26.0 kcal/mol, respectively. The CCl3 and CH3 groups in 7 and
8 are essentially trans with regard to the NO bond, and the
respective cis conformations are transition state structures
MRTS(7) and MRTS(8) for methyl rotation about the NO
bonds in 7 and 8, respectively. Significant steric crowding in the
cis structures results in activation barriers of more than 15 kcal/
mol (Table 2).
The stability tests for 7, 8, and TS(7,8) reveal UHF

instabilities for all three structures, and the spin density
distributions of the optimized and spin-polarized singlet wave
functions (Figure 9 in Supporting Information) contain some
radical pair character [2+CH3]

• [I]• with α-spin on iodine and
β-spin on the NO moiety. The large and extended spin-
polarizations underscore the need for the energy computations
at the UQCISD(full)/6-31G*//MP2(full)/6-31G* level. Com-

pound 8 benefits from the higher level correlation methods
more than 7, and the isomer preference is reversed in favor of 8
(ΔG′rel = 5.0 kcal/mol). The more complete correlation
computations benefit the less bonded TS(7,8) more than either
minimum, and, hence, the activation free enthalpies (ΔG′act) for
the forward and backward reactions of the isomerization 7 ⇄ 8
drop to 11.8 and 16.8 kcal/mol, respectively.
The reactions 1 + 2a → 7 and 1 + 2a → 8 are endothermic

and endergonic and, hence, 7 and 8 will not accumulate in any
significant amounts, but they are plausible reactive intermedi-
ates on the way to thermodynamically more stable species. As
with the aggregation energies discussed above, the consid-
eration of self-aggregation of 1 and 2 has a pronounced effect
on the reaction thermodynamics. While self-aggregation
increases the activation energies by about 3 kcal/mol, it also
has the effect of reducing the reaction free enthalpies by ca. 5.5
kcal/mol, and the ΔG′ values for the formations of 7 and 8,
respectively, are 30.7 and 25.7 kcal/mol, respectively.

Fragmentation Reactions of the Addition Products.
Assuming that 7 and 8 might be accessible as reactive
intermediates even in very tiny concentrations, one can imagine
a number of possible reaction channels for fragmentation
(Figure 8). The addition of H3C−I to chloropicrin followed by
elimination of Cl3C−I, 9, results overall in the conversion of
the nitro compound 2 to methyl nitrite, 10. This outcome can
be achieved by α-elimination from 7 or by β-elimination from
8. A second possible outcome consists in the formation of
1,1,1-trichloroethane, 11, by β-elimination from 7 or 8,
respectively, and leading to I−NO2, 12, or IO−NO, 13,
respectively. A third possibility would be the formation of
trichloromethyl methyl ether, 14, by α-elimination from 7 or 8,
respectively, and leading to I−NO, 15, or I−ON, 16,
respectively. Finally, there exists the possibility for β-
elimination from 8 leading to Cl3C−NO, 17, and iodoso-
methane, IO−CH3, 18. The products of these reactions are
known and well-characterized species with the exception of
isonitrosyl iodide, 16, and the hypoiodous acid ester 18.
Isonitrosyl halides X−ON have been described55 for X = Cl, Br
but not yet for X = I. The methyl ester of hypoiodous acid IO−

Figure 7. Models of the optimized structures of products 7 and 8 of
addition of CH3I to chloropicrin and of transition state structures for
their formation TS(5,7) and TS(5,8), for product isomerization
TS(7,8), and for automerizations of 7 and 8.

Figure 8. Fragmentation paths for primary addition products 7 and 8.
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CH3, 18, has been studied theoretically in the context of direct
oxidation of MeI.56

We computed the structures of 9−18, models of their
structures are provided in Figure 10 as part of the Supporting
Information, their energies are listed in Table 1, and relative
and reaction energies are provided in Table 2. At the level of
optimization, methyl nitrite prefers the s-cis structure 10b over
the s-trans structure 10a by ΔGrel = 1.7 kcal/mol.57 Nitrosyl
hypoiodite prefers the s-cis structure 13b over the s-trans
structure 13a by ΔGrel = 4.7 kcal/mol, and the nitryl iodide
isomer, 12, is preferred over 13b by another ΔGrel = 2.4 kcal/
mol. Nitrosyl iodide I−NO, 15, is much preferred over
isonitrosyl iodide I−ON, 16, by ΔGrel = 15.9 kcal/mol. The
isomer stabilities of 10 (ΔG′rel = 1.4 kcal/mol) and 13 (ΔG′rel =
4.6 kcal/mol) are essentially the same at the UQCISD level.
But the higher level energies indicate a reversal of the relative
stabilities of INO2 (12) and IONO (13) with a preference of
ΔG′rel = 7.0 kcal/mol in favor of 13b. The preference for 15
over 16 persists at the QCI level although it is greatly
diminished to ΔG′rel = 8.8 kcal/mol. The cis preference of 13
agrees with previous studies.58,59 A preference for 12 over 13
was reported based on effective core potential computations at
MP2, B3LYP, and CCSD(T)/B3LYP levels.59 The reversal of
the stabilities of 12 and 13 at the UQCISD(full)/6-31G* level
is primarily a consequence of the all-electron CI treatment, and
the use of the unrestricted reference wave function in the CI
treatment enhances the reversal by another 2 kcal/mol.
We are interested in the reaction energies of the five

fragmentation reactions listed in Table 2, and all of these values
are based on the most stable isomer of each species. At the level
of optimization, only the two fragmentation channels B and D
of 7 lead to products that are thermodynamically more stable
than substrates 1 and 2. But here again, the recognition and
adequate accounting for spin polarization proves crucial and the
additional stabilization of the fragmentation products 10, 13,
15−17 drives reactions A and C−D substantially to the right
and renders reactions A−D exothermic (Table 2). The
sequence 1 + 2a → 9 + 10b is exergonic by ΔG′(A) = −4.5
kcal/mol, reaction 1 + 2a → 11 + 12 is exergonic by ΔG′(B) =
−5.5 kcal/mol, the reaction 1 + 2a → 11 + 13 is exergonic by
ΔG′(C) = −13.2 kcal/mol, and the sequence 1 + 2a→ 14 + 15
is exergonic by ΔG′(D) = −23.9 kcal/mol.
Kinetic Accessibility of Addition Products. The reaction

transition state structures60 TS(5,7) and TS(5,8) were located
for the 1,2- and 1,3-additions of MeI to chloropicrin,
respectively, and they are shown in Figure 7. The TS(5,7)
structure shows an overall almost neutral MeI with an
elongated and heavily polarized MeI bond (2.839 Å) oriented
to place its methyl moiety close to one nitro-O (1.967 Å). The
mechanism of this addition is basically a methyl transfer from I
to O and N−I bond formation is a secondary event on the
downhill side. In sharp contrast, the O−I bond formation on
the way to 8 occurs early and well before the transition state
structure is reached. The O−I bond (2.528 Å) is fully formed in
the TS(5,8) structure (it is shorter than in 8), and the N-
pyramidalization has progressed significantly as the methyl
transfer from I (2.915 Å) to O (2.144 Å) occurs. The spin
density distributions of TS(5,7) and TS(5,8) show dissociating,
spin-polarized iodomethane in association with heavily spin-
polarized NO2 groups (Figure 9 in Supporting Information).
The homolytic bond dissociation energy of iodomethane

D(H3C−I) = 56.4 kcal/mol was measured.61,62 The homolytic
bond dissociation energy of chloropicrin D(Cl3C−NO2) = 41.7

kcal/mol was determined at a high level of theory,63 and the
radical-induced degradation of chloropicrin (i.e., by HO•)
becomes important even below this threshold.64 Consequently,
any thermal one-step reaction path with an activation energy
above 40 kcal/mol would be disadvantaged as compared to a
multistep radical path to the same product.
The computed activation barriers (ΔG′act) for the formations

of 7 and 8, respectively, are 82.4 and 79.2 kcal/mol,
respectively. Thus, one can safely conclude that the direct
additions of 1 to 2 will not occur, while the stepwise additions
of methyl radical and of iodine to chloropicrin present possible
paths to 7 and 8, respectively, as well to the radical pairs
[2+CH3]

• [I]• and/or [2+I]• [CH3]
•. But any of these paths

would still require activation energy on the order of 50 kcal/
mol for the formation of the reactive intermediate(s) and suffer
from substrate depletion, and any such chemistry would be
slow and unproductive.

Conclusions. In conclusion, the name methyl iodide does
not capture the actual polarity of iodomethane. Iodine in CH3−
I is certainly nothing like “iodide” and instead it is close to
neutral. The electronic structure of chloropicrin is dominated
by the negatively charged nitro group which causes significant
positive charges on the chlorine atoms.
Self-aggregation of iodomethane involves iodine−iodine

contacts (mostly dispersion) and hydrogen bonds to iodine
(hydrogen-charge induced iodine polarization). Self-aggrega-
tion of chloropicrin involves a number of chlorine−oxygen
contacts. These Cl···O contacts benefit from charge−charge
attraction between Cl(δ+) and O(δ−) and from chlorine
bonding (oxygen-charge induced chlorine polarization).
Two iodine-bonded molecular aggregates can be formed by

aggregation of iodomethane and chloropicrin. Aggregate 3
involves genuine iodine bonding (oxygen-charge induced
iodine polarization), and aggregate 4 involves some iodine
bonding in the broader sense (chlorine-charge induced iodine
polarization) and significant iodine−chlorine bonding (dis-
persion). Aggregates 5 and 6 with hydrogen bonding between
methyl-Hs of iodomethane and chloropicrin’s O or Cl
acceptors exist on the potential energy surface. Aggregate 5
also features some iodine bonding, and 5 remains bound on the
free enthalpy surface while 6 does not.
The mixed aggregates 3−5 are bound on the free enthalpy

surface relative to the homodimers of 1 and 2. This result
suggests that the liquid mixture of chloropicrin and iodo-
methane is a good choice to reduce the volatilities of
iodomethane and chloropicrin because of thermodynamically
stabilizing intermolecular iodine bonding.
Mixtures of iodomethane and chloropicrin are not expected

to show chemistry resulting from their reactions with each
other. All of the paths involving the addition products 7 and 8
and/or the radical pairs [2+CH3]

• [I]• and/or [2+I]• [CH3]
•

as intermediates require activation energies in excess of 50 kcal/
mol, and any such thermal chemistry is unproductive.
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