
lable at ScienceDirect

Journal of Molecular Structure 1100 (2015) 80e87
Contents lists avai
Journal of Molecular Structure

journal homepage: http : / /www.elsevier .com/locate/molstruc
Gas phase reaction of phosphorus trichloride and methanol: Matrix
isolation infrared and DFT studies

Prasad Ramesh Joshi, N. Ramanathan, K. Sundararajan, K. Sankaran*

Materials Chemistry Division, Chemistry Group, Indira Gandhi Center for Atomic Research, Kalpakkam 603102, Tamil Nadu, India
a r t i c l e i n f o

Article history:
Received 5 June 2015
Received in revised form
15 July 2015
Accepted 15 July 2015
Available online 17 July 2015

Keywords:
Phosphorus trichloride
Methanol: gas phase reaction
Matrix isolation infrared spectroscopy
DFT calculation
* Corresponding author.
E-mail address: ksran@igcar.gov.in (K. Sankaran).

http://dx.doi.org/10.1016/j.molstruc.2015.07.028
0022-2860/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t

Gas phase reaction of phosphorus trichloride (PCl3) and methanol (CH3OH) was carried out with
different ratios of PCl3:CH3OH:N2 (1:1:1000, 1:2:1000 and 1:3:1000) and the products were identified
using matrix isolation infrared spectroscopy. For the 1:1 and 1:2 ratios of PCl3:CH3OH, dichloro methyl
phosphite (DCMP) and methyl chloride (CH3Cl) were the products formed. Interestingly, only methyl
chloride (CH3Cl) was observed for the 1:3 ratio of PCl3:CH3OH. DFT computations were carried out at
B3LYP/6-311þþG(d,p) level of theory to give insights into the formation of the reaction products. Based
on the experimental findings and computations a reaction mechanism has been proposed through a
nucleophilic substitution reaction to explain the formation of the products.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Organophosphorus chemistry is an interdisciplinary subject
which deals with the study of organic carbon and inorganic phos-
phorus moity. The interest on the study of this discipline is growing
rapidly owing to the application of organophosphorus compounds
in various fields such as pesticide, drug, polymer, perfume, paint
stripper, protective coating and automobile industries [1e3]. The
rapid development of the above subject to date also helped to
understand the biochemistry involving organophosphorus com-
pounds such as the synthesis of DNA that operates through phos-
phite intermediate followed by its oxidation to phosphate, a stable
form of organophosphorous compound, during the synthesis. The
study of phosphites (phosphorus esters) and their reactions are
particularly important as these serve as model systems for under-
standing many biological reactions [4e7].

One of the simplest ways for the synthesis of phosphonates and
phosphites is the reaction between phosphorus trichloride (PCl3)
and alcohol. Trimethyl phosphite (TMPhite) is synthesized in a
controlled manner when 3 mol of methanol is mixed with 1 mol of
PCl3 in an inert solvent like hexane or heptane at low temperatures
[8]. TMPhite is an industrially important compound as it is used for
the synthesis of phosphorus doped diamond films in electronic
industries [9]. It is also used for improving the performance of
electrolytic systems [10].
Since, the reaction involving PCl3 precursor found applications

at various stages of synthesis, it is important to understand the
mechanism and progress of the reaction as a function of stoichi-
ometry. By and large, organic synthesis is performed in the
condensed phase in presence of a solvent. In a solvent medium, the
transportation of reactants is aided by the solvent molecules in
contrast to gas phase reaction. However, the effect of solvent can
lead to an ambiguous interpretation while understanding the
mechanism of the reaction [11]. For instance, it is necessary to take
into account the solvation energies of intermediates participating
in the reaction as ascribed due to solvation by solvent molecules
[12]. On the contrary, gas phase studies provide an ideal milieu for
understanding elementary chemical reactions without any
perturbation from the surrounding solvent molecules. Further, gas
phase reactions are found to be beneficial as it can directly be
corroborated with computational studies. Laerdahl and Uggerud
have reviewed the gas phase nucleophilic reactions with theoret-
ical data [13]. Mass spectroscopy was used as a characterization
technique while studying those reactions.

Owing to the superior resolution that can be obtained in a
matrix isolation experiment, this technique in combination with
infrared spectroscopy can be best explored for studying the gas
phase reactions. Recently, using matrix isolation infrared spec-
troscopy, the gas phase nucleophilic reaction of trimethyl phos-
phite (TMPhite) with HCl was probed. When the precursors were
premixed prior to deposition in a N2matrix at 12 K, methyl chloride
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was observed as the product. The reaction followed Arbuzov
pathway and proceeded through the lone pair on the phosphorus
as a nucleophilic centre [14]. In another study, gas phase nucleo-
philic reaction between dimethoxy methane (DMM) and HCl was
reported with HCl as a nucleophile. Though DMM possesses both
methylenic and methyl carbon atoms, only methylenic pathway
was preferred in the gas phase producing chloromethyl methyl
ether (CMME) and methanol [15].

In the present study, matrix isolation infrared technique was
used to trap and identify the product formed in the gas phase re-
action between PCl3 and CH3OH. DFT computations were carried
out to support our experimental results.

2. Experimental and computational methods

The prerequisite of a low temperature for matrix isolation ex-
periments was achieved using a RDX-408D2 (Sumitomo Heavy
Industries Ltd.) pulsed tube, closed cycle helium compressor cooled
cryostat. A base pressure of less than 1� 10�6 mbar was obtained in
the cryostat housed to an evacuated vacuum chamber.

Analytical grade PCl3 (Merck, Purity: > 99%) and HPLC grade
CH3OH (Purity: >99%) were used without any further purification.
However, the samples were subjected to several freeze-pump-thaw
cycles before its use. Nitrogen (INOX) with a purity of 99.9995% was
used as the matrix gas. PCl3 and CH3OH were premixed in a glass
bulb having 1 dm3 volume along with nitrogen, as a matrix gas, at
room temperature. Three experiments were performed by varying
the concentration of CH3OH and keeping PCl3 concentration con-
stant such as a) PCl3:CH3OH:N2 (1:1:1000), b) PCl3:CH3OH:N2
(1:2:1000) and c) PCl3:CH3OH:N2 (1:3:1000) to understand the
effect of stoichiometry. A typical deposition lasted for about
90 min at ~3 mmol/h rate.

Infrared spectra of thematrix-isolated samples were recorded in
transmission mode between 4000 and 400 cm�1 using a BOMEM
MB 100 FTIR spectrometer with 1 cm�1 resolution. All the spectra
reported here are those obtained after deposition of samples onto a
KBr substrate maintained at 12 K.

Computations were performed using a Gaussian 94W package
[16] at B3LYP/6-311þþG(d,p) level of theory without imposing any
geometrical constraints. Geometries of reactants (PCl3 and CH3OH)
and possible products were optimized by keeping all geometrical
parameters free during optimization process. The optimized ge-
ometries were then used to obtain vibrational frequencies which
enable us to characterize the nature of stationary points and to
assign the experimentally obtained frequencies. The computed
vibrational frequencies were scaled on a mode-by-mode basis for
the different modes for assigning the experimental features. It is
recognized that matrix perturbs vibrational frequencies of the
trapped species, with the magnitude of perturbation depending
upon vibrational frequency of themode.We therefore consider that
a mode-by-mode scaling is an appropriate method to account for
the varying degrees of matrix influence and helps in bringing the
computations in better agreement with experimental values over
the entire range of the vibrational wavenumbers [17e22]. The
conformational isomers of the reaction products were also studied.
The computed intensities and scaled frequencies were used before
plotting a simulated vibrational spectrum using SYNSPEC program
[23] where a Lorentzian line profile with a full-width-at-half-
maximum of 1 cm�1 was assumed.

3. Results and discussion

3.1. Experimental section

Three experiments with different ratios of PCl3:CH3OH such as
1:1, 1:2 and 1:3 in gas phase were studied by varying the concen-
tration of CH3OH to understand the reaction progress against
stoichiometry. For clarity, IR spectra are discussed in four regions
(520e450 cm�1, 760e720 cm�1, 1050e1020 cm�1, and
3050e2920 cm�1).

Fig. 1 (grid A) shows infrared spectra corresponding to the PeCl
stretching vibrational mode in a N2 matrix. The doubly degenerate
PeCl stretching mode [n3(e)] of PCl3 has been reported to occur at
498.9 and 494.9 cm�1 and the non-degenerate PeCl stretching
mode [n1(a1)] at 510.4 and 508.8 cm�1 in an Ar Matrix [24]. The
n3(e) mode of PCl3 is observed at 496.6 and 492.3 cm�1 and the
n1(a1) mode at 511.1 and 509.2 cm�1 in a N2 matrix (Fig. 1a, grid A).
Multiple features observed in the n3(e) mode in N2 matrix has
already been assigned to i) isotopic effect of chlorine
(35Cl:37Cl ¼ 3:0/2:1/1:2), ii) splitting of degenerate vibrational
states due to the host matrix atoms and iii) matrix site effect or
unification of two or more of these effects [25].

When PCl3 and CH3OH were premixed in a 1:1 ratio along with
N2 gas in a bulb and the resultant gas mixturewas deposited on to a
cryotip at 12 K, infrared spectra showed new features at 469.2,
466.4, 464.5, 462.1 cm�1 and a broad feature at 511.3 cm�1 apart
from the parent PeCl stretching features of PCl3 (Fig. 1c). Impor-
tantly, intensities of PeCl features of the parent PCl3 did drop down
at the expense of new features.When experimentswere carried out
with 1:2 PCl3:CH3OH ratio, we observed the same new features as
in the case of 1:1 PCl3:CH3OH but the parent PCl3 peaks were
completely disappeared. The infrared intensities of the product
features were relatively high when compared to the 1:1
PCl3:CH3OH experiment (Fig. 1d, grid A). Interestingly, none of the
above new features were observed in the PeCl stretching region,
when 1:3 PCl3:CH3OH experiment was performed (Fig. 1e, grid A).

In the 760e720 cm�1 region, for 1:1 ratio of PCl3 and CH3OH
alongwith N2 gas (Fig.1c, grid B), a strong feature at 753.1 cm�1 and
weak features at 732.5 and 726.9 cm�1 were observed. In the case
of 1:2 PCl3:CH3OH experiment (Fig. 1d, grid B), alike 1:1
PCl3:CH3OH experiment, all three features were observed. The in-
tensity of the features at 732.5 and 726.9 cm�1 were higher and no
significant change in the intensity of 753.1 cm�1 feature was
observed. In the case of 1:3 PCl3:CH3OH experiment (Fig. 1e, grid B),
the 753.1 cm�1 feature was completely absent, while the features at
732.5 and 726.9 cm�1 were observed with highest intensity.

In the 1050e1020 cm�1 region, Fig. 1b (grid C) the feature
observed at 1034.0 cm�1 corresponds to OeC stretch of monomeric
CH3OH [26e28]. When 1:1 PCl3:CH3OH experiment (Fig. 1c, grid C)
in N2 matrix was performed, the feature due to OeC stretching of
CH3OH was absent and new strong features at 1044.4 and
1042.1 cm�1 and a weak feature at 1026.8 cm�1 were observed.
Similar observationwas noticed, in the 1:2 PCl3:CH3OH experiment
(Fig. 1d, grid C) but the intensity of the feature at 1026.8 cm�1 was
found to be increased. No parent signature of OeC stretch at
1034.0 cm�1 was seen in this experiment, confirming the complete
reaction of CH3OH with PCl3. In the case of 1:3 PCl3:CH3OH
experiment (Fig. 1e, grid C), apart from the feature due to OeC
stretch of monomeric CH3OH, the 1026.8 cm�1 feature was
observed with increased intensity.

In the 3000e2800 cm�1 region, a new feature at 2853.7 cm�1

along with a low intense feature at 2963.3 cm�1 were observed in
1:1 PCl3:CH3OH experiment (Fig. 1c, grid D) which did grow sub-
stantially in the 1:2 PCl3:CH3OH experiment (Fig. 1d, grid D).
Whereas for the 1:3 PCl3:CH3OH (Fig. 1e, grid D) experiment, the
intensity of the feature at 2853.7 cm�1 decreased considerably and
the intensity of the 2963.3 cm�1 feature increased.

New features observed in all the aforementioned spectra in the
different regions indicate that the reactants PCl3 and CH3OH un-
dergo reaction to yield new products. Importantly, these new



Fig. 1. Matrix isolation infrared spectra in a N2 matrix in the region 525e450 cm�1 (Grid A); 760e720 cm�1 (Grid B); 1050e1020 cm�1 (Grid C) and 3000e2800 cm�1 (Grid D): a)
PCl3:N2 (1:1000); b) CH3OH:N2 (1:1000); c) PCl3:CH3OH:N2 (1:1:1000); d) PCl3:CH3OH:N2 (1:2:1000); e) PCl3:CH3OH:N2 (1:3:1000).
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features are not due to the PCl3eCH3OH adducts in the N2matrix, as
the adduct features were characterized in the earlier study [25].

Nucleophilic reaction could be the probable avenue for the
products formed during PCl3 and CH3OH reaction. Both CH3OH and
PCl3 can act as nucleophile due to the presence of lone pairs of
electrons on the oxygen and chlorine atoms respectively. The
possibility of PCl3 as a nucleophile due to phosphorus lone pair is
ruled out (a case of Arbuzov reaction) due to the presence of three
electron withdrawing chlorine atoms which pulls electron cloud
away from phosphorus atom making the phosphorus more elec-
trophilic in nature. Therefore, the envisaged product formed in the
1:1 PCl3:CH3OH experiment is either dichloromethylphosphite
(DCMP) and HCl (formed due to the nucleophilic oxygen) or
dichlorohydroxyphosphite (DCHP) and CH3Cl (formed due to PCl3
by virtue of nucleophilic chlorine atom) as per the following
reactions.

PCl3 þ CH3OH / CH3OPCl2 þ HCl (1)

PCl3 þ CH3OH / HOPCl2 þ CH3Cl (2)

A closer examination of the infrared features of the products
revealed that one of the products of the PCl3:CH3OH reaction is HCl,
as the feature at 2853.7 cm�1 is characteristic of HCl in a N2 matrix
[14]. This indicates that the other product could be DCMP produced
through the reaction (1). Based on this, the new features at 1044.4,
1042.1, 753.1, 511.3, 469.2, 466.4, 464.5 and 462.1 cm�1 could be
tentatively assigned to DCMP. For the 1:2 and 1:3 PCl3:CH3OH
experiments one can expect successive replacement of Cl atoms of
PCl3 by methoxy (eOCH3) groups to form dimethylchloro phos-
phite (DMCP) and trimethyl phosphite (TMPhite) as shown in the
following reactions:

PCl3 þ 2 CH3OH / (CH3O)2PCl þ 2 HCl (3)

PCl3 þ 3 CH3OH / (CH3O)3P þ 3 HCl (4)

The infrared features observed in the case of 1:2 PCl3:CH3OH
experiment are similar to that of 1:1 PCl3:CH3OH experiment.
However, the product expected based on the reaction (3) is DMCP
which we expect to have different IR features from that of DCMP
produced in the 1:1 PCl3:CH3OH experiment. A detailed discussion
on this topic is given in the forthcoming section.

Interestingly, in the case of 1:3 PCl3:CH3OH experiment, strong
features were observed at 732.6 and 727.3 cm�1 (Fig. 1e, grid B),
1026.8 (Fig. 1e, grid C), 2968.3 (Fig. 1e grid D), and 3048.2, 2870.2,
1445.4 and 1353.4 cm�1 (not shown in Fig.) in N2 matrix. These
intense product bands listed above agree well with the features
reported for CH3Cl in a N2 matrix [14]. It is important to point out
that small amount of CH3Cl was produced even in the 1:1
PCl3:CH3OH experiment, but the amount of which progressively
increased in 1:2 and 1:3 PCl3:CH3OH experiments.

3.1.1. Mechanism predicted on the basis of experimental results
From the above observations, it can be reckoned that alike any

normal second-order nucleophilic substitution (SN2) reaction, the



Fig. 2. Schematic representation of reaction mechanism predicted for PCl3 and CH3OH reaction. DG represents the free energy change of reaction computed at B3LYP/6-
311þþG(d,p) level of theory. * SR ¼ side reaction.
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reaction between PCl3 and CH3OH may proceed to form the prod-
uct, DCMP in the case of 1:1 PCl3:CH3OH stochiometric experiment.
In this reaction, CH3OH acts as a nucleophile. The lone pair of
electrons on oxygen of CH3OH attacks the electrophilic phosphorus
of PCl3 with a simultaneous cleavage of one of the PeCl bonds and
the product DCMP is formed as shown in Fig. 2 (step i) through an
intermediate. Experimental evidence for the phosphorus bonding
intermediate has been recently reported, when PCl3 and CH3OH
were co-deposited through twin-jet nozzle in a N2matrix instead of
premixing the gases and then deposited [25]. Recently, extensive



Fig. 3. A plot of product concentrations against CH3OH concentration.

Fig. 4. Computed structures of (i) DCMP, (ii) DMCP and (
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computational studies on this kind of intermolecular interaction
were reported by Schiener et al. [29e38] and Del Bene et al.
[39e43] and named it as pnictogen bonding or more specifically
phosphorus bonding. The phosphorus bonded adduct can be
considered to be the initial intermediate for the reaction between
PCl3 and CH3OH in the gas phase Fig. 2 (Step i). We believe that for
all the ratios of PCl3 and CH3OH the reaction proceeds via step (i)
but the concentration of methanol plays a crucial role in the for-
mation of the different products. Fig. 3 shows the plot of area of
products formed during reaction against methanol concentration
for various ratios of PCl3:CH3OH.

As pointed out earlier, we do observe IR features due to CH3Cl in
the 1:1 PCl3:CH3OH experiment (Fig 1c). Two possible pathways
could be thought of for the formation of CH3Cl: (a) a reaction be-
tween DCMP and HCl (Fig. 2, SR i) and (b) reaction between the HCl
obtained in step (i) with CH3OH. A separate experiment on pre-
mixing of CH3OH and HCl confirmed the formation of CH3Cl. Fig. 1c
(grid A) shows the presence of infrared features of unreacted PCl3 in
the 1:1 PCl3:CH3OH experiment indicating that some of the CH3OH
could have been used for reacting with HCl.

In case of 1:2 PCl3:CH3OH experiment, no infrared features of
PCl3 was observed indicating that all the PCl3 were consumed in the
reaction. The DCMP formed in the first step could have reactedwith
iii) TMPhite at B3LYP/6-311þþG(d,p) level of theory.
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the excess of CH3OH present to form DMCP and HCl (Step ii).
Interestingly, the IR spectrum (Fig. 1d) showed features similar to
that of 1:1 PCl3:CH3OH experiment. The only difference is that the
intensity of the CH3Cl features observed are higher for 1:2
PCl3:CH3OH experiment (Fig. 3). Two possible explanations could
be thought of for this observation: (a) IR frequencies of DMCP are
similar to that of DCMP or (b) DMCP produced in Step (ii) is not
stable and hence undergoes further reaction (Fig. 2, SR ii). The
formation of higher concentration of CH3Cl (Fig. 3) in 1:2
PCl3:CH3OH experiment supports the later explanation. The
byproduct, phosphonochloridate formed in the reactionmight have
low vapor pressures and hence could not be transported to the
matrix. Additionally, some contribution of CH3Cl formation from
CH3OH and HCl reaction, as mentioned in 1:1 PCl3:CH3OH experi-
ment, could not be ruled out.

Surprisingly, IR features observed in case of 1:3 PCl3:CH3OH
experiment shows only CH3Cl formation whereas the expected
trimethyl phosphite (TMPhite) (step iii) was not seen. Here, pres-
ence of excess methanol plays a vital role to drive the reaction to
completion. As explained earlier, in the first step, PCl3 reacts to form
DCMP and progressed through second (step ii) and third steps (step
iii). Finally, the reaction between TMphite and HCl could lead to the
formation of CH3Cl via Arbuzov reaction (Fig. 2). These subsequent
reactions could be the possible reason for not observing the
infrared features of TMPhite when PCl3 and CH3OH were mixed in
the 1:3 proportions. Reaction of TMPhitewith HCl through Arbuzov
pathway to yield CH3Cl has been reported recently [14]. Other
possibility for CH3Cl formation via the reaction CH3OH and HCl is
also not ruled out. Features of unreacted CH3OH and HCl are
observed in the spectrum (Fig. 1e) for the 1:3 PCl3:CH3OH experi-
ment indicating that the contribution of CH3Cl formed via reaction
of CH3OH and HCl could be comparatively less. This may also be
true for 1:2 PCl3:CH3OH experiment. The other product, dimethyl
hydrogen phosphonate (DMHP) formed during Arbuzov reaction
could be hydrolyzed in presence of excess HCl to yield methylhy-
drogen phosphonate and phosphorus acid, which could have low
vapor pressures to be transported to the matrix and thus not
observed in the IR spectra.

The amount of HCl obtained (Fig. 3), is more in the 1:2
PCl3:CH3OH experiment compared to 1:1 and 1:3 PCl3:CH3OH ex-
periments. The source for HCl formation in case of 1:1 PCl3:CH3OH
experiment is only through the first step. However, in the case of
1:2 and 1:3 PCl3:CH3OH experiments, HCl is obtained from the first
two and all three steps respectively. In case of 1:3 PCl3:CH3OH
experiment, entire DCMP is probably converted to TMPhite via
DMCP, but the TMPhite formed follows Arbuzov reaction with HCl
to form CH3Cl, thereby consuming some amount of HCl. In the case
of 1:2 PCl3:CH3OH experiment, presence of higher concentration of
DCMP compared to 1:1 PCl3:CH3OH experiment reveals that high
amount of HCl is also produced as a byproduct during the first step.
HCl generated via second step may also add up to the total amount.
Additionally, presence of DCMP indicates that the reaction is not
complete and less amount of HCl may be utilized during CH3Cl
formation (Fig. 2, SR ii) compared to 1:3 PCl3:CH3OH experiment.
Therefore, the HCl concentration observed in 1:2 PCl3:CH3OH
experiment is more compared to other two experiments (Fig. 3).

3.2. Computations

Computations for DCMP, DMCP, and TMPhite at B3LYP/6-
311þþG(d,p) level of theory were performed, to find out vibra-
tional frequencies and thermochemical properties of all predicted
steps of the reaction. Computations revealed two possible con-
formers, ‘gauche’ and ‘trans’ for DCMP, two conformers (G±G±) and
(G±T) for DMCP and one conformer for TMPhite as shown in Fig. 4.
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In case of DCMP, ‘gauche’ conformer is placed at 4.34 kcal/mol with
respect to the ground state ‘trans’ conformer, indicating a negligible
population for the higher energy ‘gauche’ conformer. In DMCP, the
relative energy between (G±T) conformer and (G±G±) conformer is
5.00 kcal/mol indicating again that (G±T) conformer is more stable
over (G±G±) conformer. A comparison of computed and experi-
mental vibrational frequencies of DCMP, DMCP and TMPhite is
given in Table 1. From the table it is clear that only DCMP has
vibrational frequencies for the PeCl n3 and n1 modes. The
computed spectrum of DCMP and DMCP are compared with the
experimental results (Fig. 5). A good agreement of computed fre-
quencies of DCMP with the experimental is seen. On the basis of
energetics, trans-DCMP conformer could be the most probable
conformer produced during PCl3 and CH3OH reactions. It is clear
from Table 1 that there is a good agreement between the vibra-
tional features obtained in the experiment and the computed fre-
quencies of the ‘trans’ conformer of DCMP.

To rationalize the formation of DCMP and CH3Cl from PCl3 and
CH3OH experiments of different ratios, free energy calculations for
these reactions were performed and shown in Table 2. The change
in free energy values were calculated for reactions at B3LYP/6-
311þþG(d,p) level of theory. The free energy change (DG) for the
DCMP formation was found to be �9.0 kcal/mol, indicating spon-
taneity of the reaction. However,DG value for CH3Cl formation from
DCMP (Fig. 2, SR i) is 6.0 kcal/mol indicates reaction is non-
spontaneous. Thus, as assumed earlier CH3Cl formation via this
reaction is unlikely. This may be due to the presence of two Cl
atoms in DCMP which pulls electron cloud and thus lone pair of
electrons on phosphorus atom is more delocalized. Thus, simulta-
neous abstraction of H atom and bond cleavage of HCl, alike
Fig. 5. Comparison of experimental and computed spectra spanning the 520e450 cm�1 (Gri
DCMP and DMCP; matrix isolation infrared spectra in a N2 matrix of b) PCl3:CH3OH:N2

phosphite:N2 (1:1000).*The computed spectra are plotted assuming scaled vibrational freq
Arbuzov reaction, could not be possible. This observation reveals
that CH3Cl formation in 1:1 PCl3:CH3OH experiment is most
probably via reaction between CH3OH and HCl. Low intense IR
features observed during this experiment agreed with our earlier
assumption that contribution of CH3Cl formation through this re-
action is less. Similarly, DG calculations for DMCP (step ii) and
TMPhite (step iii) formation were found to be �3.0 and �1.0 kcal/
mol respectively, indicating spontaneity of the reactions. In 1:2
PCl3:CH3OH experiment, DMCP may further undergo reaction with
HCl to yield CH3Cl and DG (�2.0 kcal/mol) value also agrees well for
CH3Cl formation through this reaction. Although, one Cl (electron
withdrawing) atom in DMCP pulls electron cloud from P atom, this
effect could be far less in DMCP relative to DCMP due to the pres-
ence of two eOCH3 (electron donating) groups. Thus, lone pair of
electron on the P atom may not be delocalized in DMCP and hence
abstract H from HCl and this reaction leads to CH3Cl formation,
alike Arbuzov reaction. In short, the formation of CH3Cl also sup-
port our assumption that both, DCMP and DMCP, may be formed
during 1:2 PCl3:CH3OH experiment but the DMCP may undergo
further reaction to yield CH3Cl and thus IR features of only DCMP
and CH3Cl are observed. In case of 1:3 PCl3:CH3OH experiment,
CH3Cl is formed via well known Arbuzov reaction (DG ¼ �7.0 kcal/
mol).

3.2.1. Comparison with commercial product
To confirm the formation of DCMP in PCl3eCH3OH reaction, an

experiment has been performed with commercially obtained
DCMP in the N2Matrix at 12 K. Fig. 5 compares infrared spectrum of
commercially procured DCMP (shown in blue color (in the web
version)) with infrared spectra obtained during 1:1 and 1:2
d A); 760e720 cm�1 (Grid B) and 1050e1020 cm�1 (Grid C): a) computed spectrum* of
(1:1:1000); c) PCl3:CH3OH:N2 (1:2:1000); d) Commercially obtained dichloro methyl
uencies and Lorentzian line profile with the line width of 1 cm�1.



Table 2
Thermodynamic parameters such as, change in internal energies (DE), change in
enthalpies (DH), and change in free energies (DG) for two different pathways of PCl3
and CH3OH reaction calculated at B3LYP/6-311þþG(d,p) level of theory.

Reaction pathways Thermodynamic Parameters (kcal/mol)

DE DH DG

Step i) �10.0 �10.0 �9.0
Step ii) �5.0 �4.0 �3.0
Step iii) �2.0 �1.0 �1.0
SRa i) 8.0 7.0 6.0
SR ii) 0.5 �1.0 �2.0
SR iii) Arbuzov reaction �6.0 �7.0 �7.0
ARb �6.0 �6.0 �4.0

a SR ¼ side reaction.
b AR ¼ alternate reaction.
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PCl3:CH3OH experiments. The infrared features for commercial
DCMP were observed at 469.2, 466.4, 464.5, 462.1, 511.3 cm�1

(Fig. 5, grid A), 753.1 cm�1 Fig. 5, grid B) and 1044.4 and
1042.1 cm�1 ((Fig. 5, grid C). Clearly, a comparison of infrared
spectrum of commercial product with the spectra obtained in the
PCl3eCH3OH premixing experiments (1:1 and 1:2 PCl3:CH3OH
proportions) allows to attribute the new features observed in the
PeCl, OeC and PeO stretching modes to DCMP.

4. Conclusions

Gas phase reaction between PCl3 and CH3OH for various sto-
chiometry was performed and the products were identified using
matrix isolation infrared spectroscopy. Infrared spectra obtained
for 1:1 and 1:2 PCl3:CH3OH ratio experiments revealed the for-
mation of DCMP and HCl as major products along with small con-
centration of CH3Cl. In case of 1:3 PCl3:CH3OH experiment, only
CH3Cl was observed. These experiments aided us to propose a re-
actionmechanism for various ratios of PCl3 and CH3OH.Mechanism
through a nucleophilic substitution has been proposed for PCl3 and
CH3OH reactions where CH3OH is the nucleophile.
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