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Abstract: The primary solvation sphere surrounding the thiocyanate or the selenocyanide anion in protic solvents,
such as methanolN-methylformamide and formamide, forms intimate hydrogen bonds with these anions. These
interactions perturb the electron density and vibrational modes of these anions and can therefore be studied by NMR

and infrared spectroscopies. In neat solutions, these

solvents form hydrogen bonds to the nitrogen end along the

molecular axis and nonaxially to thecloud of the C-N bond, although a substantial proportion of the anions is not
hydrogen bonded. In nitromethane solutions, the thiocyanate and selenocyanide anions form weak complexes with
methanol and the amide solvenks € 1 M~1), which is an order of magnitude smaller than that of OGMith the

same solvents, determined in our previous investigation of the cyanate anion. The remarkable differences in the
solvation of these singly charged anions can be understood by theoretical calculations of their electrostatic potentials.

Introduction

Electrolyte solutions and the equilibria that exist in them have
been of long-standing interest in chemistry. Many types of
interactions may occur in an electrolyte solution; their strength
varies from weak van der Waals forces to strong electrostatic
This wide range of attractive forces and the
abundance of interaction sites result in a large number of

attractions.

solution equilibria that are difficult to sort out experimentdily.
The types of interactions can be broadly categorized as selvent
solvent, ion-solvent, and iofrrion. The relative importance of

for SeCN, is the doubly degenerate bending vibration, labeled
Oscn and dsecn respectivelyt=13  The second stretching
vibration (/1) occurs at 735 cmt for SCN™ in DMF solutions,
and is commonly termedcs''™1® The comparablevcse
vibration for SeCN is not observed experimentally and is
predicted to have a very low dipole moment derivafie,
although it can be seen in LINCSe ion pditsThe justification

for these labels has been demonstratedltbinitio calculations,
from which the potential energy distribution for they modes

of these anions was found to be about 90%NCstretch!4

the resulting equilibria depends upon the nature of the electrolyte. 1he perturbations of the stretching modes by electrostatic

and of the solvent.

interactions have been studied by a number of authéfsrom

The thiocyanate and selenocyanide anions have been usedhese investigations, the structures of numerous solution species
as spectroscopic probes of ionic association in alkali and alkaline "@ve been correlated with their unique vibrational frequencies.

earth metal complexes in solution because the stretching modedn general, alkali and alkaline earth metal cations interact with
for these anions are easily observed and are sensitive tothe nitrogen atom of SCN which raises the frequencies of both

electrostatic interactior’s1° Both the SCN and SeCN anions
have three fundamental vibrations, all of which are infrared
active. The highest frequency mode)( which is commonly
labeled thecy stretch, occurs at 2058 crhfor SCN™ and 2066
cm™1 for SeCN in DMSO1-13 The lowest frequency mode
(v2), which occurs at~465 cnr! for SCN~ and ~450 cnr?
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stretching modes with respect to the unperturbed anion. Similar
results have been reported for the limited studies of SeCN
systemg. Interaction at the sulfur end of SCNas exemplified
by the Ag"SCN- ion pair, lowers the frequency of the-y
stretch and raises the frequency of thg mode relative to
SCN~.15 In dimer systems, such as (LINGSnd (LINCSe),
each anion is bridged by two lithium cations, which reduces
the frequency of thecy vibration and increases the frequencies
of the vcs andvcse modest6

Likewise, hydrogen bonding interactions with these anions
perturb the frequencies of the stretching modes, from which
inferences about structures of the complexes that are formed
can be drawn. Perelygin and Mikhailov observed that hydrogen
bonding solvents shift the peak maximum and broaden the
spectral envelope of thexy stretch of SCN compared to the
absorptions measured in aprotic solvefitsCorset and co-
workers assigned a blue shift of tmgy mode, when phenol
was added to a solution of tetrabutylammonium thiocyante
(NBusSCN) in CCl, to the formation of a hydrogen bond at
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the nitrogen atom of SCN!? Gill and co-workers measured
the infrared spectrum of NBBCN in MeOH and deconvolved
the vcn spectral envelope into six component battisThe
2054-cnt! band, which has the largest absorptivity of all the
components, was assigned to “free” SCNAnother study of
SCN- in methanol by Bencheikh showed that only four bands
are necessary to simulate thg, spectral envelope (2090, 2071,
2055, and 2037 cr).2° Recently, Hochstrasser and co-workers
have studied the vibrational relaxation of SChk D,O and
MeOH 2122 Their results are consistent with hydrogen bonding
of the solvent to the nitrogen end of the thiocyanate anion. X-ray
diffraction studies of NaSCN in methanol imply that two
methanol molecules are hydrogen bonded to the nitrogen of
SCN-, with a bond angle of 1207

As the perturbations in the vibrational modes reveal, elec-
trostatic interactions with SCNand SeCN alter their electronic
structure. All of the nuclei in the SCNand SeCN anions
have magnetically active isotop&sand with the exception of
333, which has a large quadrupole moment, the shifts in electron
density can be easily studied by multinuclear NMR spectros-
copy. 15N NMR spectroscopy has been employed to identify

Schultz et al.

Scheme 1. lon Pair Formation Equilibrium
M*(Sy) + SCN(S,)

M*NCS~(S,) + (x + y— S

tion dependence of th&N line width is consistent with the
electron distortion model, which relates the distortion in the
paramagnetic shielding contribution of the chemical shift to the
relaxation rate of the resonante.

Thermodynamic parameters for the formation of alkali metal
thiocyanate ion pairs, dimers, and tetramers in several non-
aqueous solvents have been derived by many investigat¥rs.
Despite the strong Coulombic attraction between the cation and
anion, the important role of the solvent in ion pair formation
equilibria makes the process, in general, entropy drivathis
is illustrated for the alkali thiocyanates in Scheme 1. The
reduction in entropy resulting from the formation of the ion
pair is more than balanced by an increase in entropy due to the
release of solvent molecules from the separated solvated ions.
Likewise, the negative enthalpy contribution from the Coulom-
bic attraction of the cation and anion is balanced by the energy
needed to break iefsolvent bonds in the solvated ions. Our
previous investigation of cyanatsolvent complexes illustrated

the isomers of organo-thiocyanates and isothiocyanates. RNCShe role of entropy and the importance of solvent self association

compounds are characterized biPld NMR shift of —275 ppm
whereas RSCN compounds havé&ld chemical shift of-100
ppm; both are large shifts from that of the free anior-a465
ppm2> lonic associations of SCNwith Li* have been studied
by 1N NMR spectroscopy, where interactions to either the sulfur
or nitrogen atoms were identified by the paramagnetic or
diamagnetic shifts, respectivel§. Musikas et al. studied the
binding of SCN to several lanthanide ions by the perturbations
in the chemical shift and relaxation time of the nitrogen nu€lei.
Similarly, the 77’Se chemical shifts for SeCNare extremely
sensitive to ionic interactions. In DMSO solutions, ionic
interactions to the nitrogen atom increase the shielding from
—273 ppm for SeCN to —318 ppm for a zinc complex with
SeCN. Interactions to the selenium end, exemplified by a
mercury complex, decrease the shieldingth91 ppn?8 In
contrast to the large shifts observed for the nitrogen and
chalcogen nuclei, th€C resonances in SCNand SeCN are

not very sensitive to bonding at either end of these amdns.

The quadrupolar relaxation of tHéN resonance provides
additional information about solution equilibria. Formation

constants for several ionic complexes have been determined

from the change in the line widths of quadrupolar nuéfef?
In the case of SCNin H,O, Au-Yeng found that thé*N line
width is sensitive to the ioasolvent interaction; the concentra-
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in the formation of aniorsolvent complexe®

Several solvent properties have been identified as indicators
of the extent of ion pairing in an electrolyte solution namely
the dielectric constant, the dipole moment, and the solvating
ability of the solvent. The solvating ability is described by two
empirical scales, the donor and the acceptor nuniseBespite
the importance of the nature of ionic solvation in ion pairing,
the factors involved in ioftsolvent interactions, especially
anion-solvation, have not been thoroughly studied. From the
perspective of the anion, the solvent in an electrolyte solution
can be divided into three regions: the primary solvation shell
surrounding the ion, the secondary solvation shell, and the bulk
liquid.3” Solvent molecules that are in closest and intimate
contact with an ion belong to the primary solvation shell. The
ion’s charge provides an electrostatic attraction that brings the
solvent closer than the sum of the respective van der Waals
radii3” In the secondary solvation shell, the solvent molecules
are attracted to the ionic charge, while not in intimate contact
with the ion. The bulk liquid is free of any significant
electrostatic effect from the anion.

In this paper, we address the structure of the primary solvation
shell surrounding the thiocyanate and selenocyanide anions in
nonaqueous protic solvents. The protic solvents used in this
investigation are methanol (MeOH), formamide (FA), and
N-methylformamide (NMF); this series allows a variety of
hydrogen bonding interactions to be studied. NMR and infrared
spectroscopies are employed to probe the interactions in these
solutions and provide data from which the thermodynamics of
the equilibria which exist in them can be calculated. Spectro-
scopic measurements are reported for the thiocyanate and
selenocyanide anions both in neat solutions of the appropriate
salt and protic solvents, and in an “inert” solvent where the
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Sobation of SCN and SeCN Anions in H-Bonding Soknts

concentration of the hydrogen bonding solvent and salt can be
varied independently.

Experimental Methods

Methanol (MeOH, absolute, EM Science, 500 mL) was dehydrated
by refluxing over CaH (5 g, Baker) for 2 h. The dried solvent was
distilled under a dry Batmosphere onto freshly activelté A molecular
sieves (Linde). The first 50 mL of the distillate were discarded and
the next 300 mL were collected\,N-Dimethylformamide (DMF, 99%,
EM Science) N-methylformamide (NMF, 99%, Aldrich), and forma-
mide (FA, 99%, EM Science) were dried by adgithg of BaO(Baker)
to 500 mL of each solvent. Each mixture was allowed to sit for 12 h,
then distilled over fresh BaO under reduced pressure 4@ molecular
sieves. Nitromethane (NM, 96%, Aldrich) was dried by the addition
of 5 g of CaH to 500 mL and allowed to sit for 24 h. The dried
solvent was distilled under reduced pressure onto fresh,Cath
solvents were stored in dark glass bottles in a drybox under a nitrogen
atmosphere.

Tetrabutylammonium thiocyanate (NEBCN, >99%, Fluka) was
dried under vacuum over®s at 45°C for 24 h. Tetrabutylammonium
selenocyanide (NB$eCN) was prepared from tetrabutylammonium
chloride (98%, Aldrich) and potassium selenocyanide (98%, Aldrich).
Potassium selenocyanide was dissolved in acetone and the solution wa
filtered to remove insoluble material. The potassium selenocyanide
was recovered from the acetone solution through precipitation by ethyl
ether. Tetrabutylammonium selenocyanide was prepared by mixing
equimolar amounts of tetrabutylammonium chloride and potassium
selenocyanide in acetone. The solution was filtered to remove the KClI
precipitate and the solvent was removed from the filtrate to obtain:NBu

SeCN. The crude tetrabutylammonium selenocyanide was recrystalized

in bis(2-ethoxy)ethane (Eastman), then dried in a vacuum oven at 45
°C for 24 h.

Solutions with known concentrations were prepared by weighing
the solute on an analytical balance in a 5- or 25-mL volumetric flask
and diluting with the appropriate solvent. All solution preparation was
done in a drybox under a nitrogen atmosphere. Ternary solutions of
the tetrabutylammonium salt and hydrogen bonding solvent in nitro-
methane were prepared from stock nitromethane solutions of the salt
or the hydrogen bonding solvent. Aliquots (1, 2, 3, and 4 mL) of the
salt or hydrogen bonding solvent solution were pipetted into 5-mL
volumetric flasks so that the concentration of the salt and of the
hydrogen bonding solvent could be varied independently.

Infrared spectra were recorded on a Nicolet 520P (Nicolet, Inc.) FTIR
spectrometer. The 4886®00-cn? region was obtained at 1-cth
resolution using CaFwindows; the 4806700-cnT! region was
obtained at 1-cm' resolution using Irtran-2 windows. The number of
scans was varied from 200 to 10 000 depending on the absorptivity of
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Eigure 1. vcy stretch for~0.25 M NBuSCN in DMF, NM, NMF,

FA, and MeOH.

Table 1. Peak Position and Bandwidth for they Stretch of
~0.25 M NBySCN and~0.1 M NBwSeCN in NM, DMF, NMF,
FA, and MeOH

solvent system ven (Cm™Y) Avyp (cml)
SCN~
NM 2059.5 13.5
DMF 2056.5 12.5
NMF 2057.8 34.0
FA 2059.5 27.5
MeOH 2060.0 40.5
SeCN
NM 2068.0 12.0
DMF 2066.5 12.5
NMF 2067.5 28.0
FA 2068.0 24.0
MeOH 2076.5 46.0

Results and Discussion

The vy stretching vibration of the SCNanion is sensitive
to electrostatic interactions in solution. Hydrogen bonding
significantly broadens the absorption and shifts the peak

the band studied. Teflon spacers were used to vary the path length offrequency of this mode compared to solutions of SCN

the cell, the pathlength value being determined by the fringe méthod.
Between each sample, the cell was flushed witt2 InL of the new
sample to be studied and the spectrometer was purged wifbrNb
min prior to the collection of a new spectrum.

Multinuclear NMR spectral¢N and’’Se) were obtained on a VXR-
500 FT-NMR spectrometer (Varian, Inc.). Each sample was placed in
a 5-mm NMR tube with a coaxial insert containing an external reference
and lock solvent.'“N spectra were externally referencedltM NBuw-

NO; in (CD53),CO with respect to nitromethane (0.00 ppnijSe spectra
were externally referenced L M diphenylselenocyanide in (CEDO.

aprotic solvents, as shown in Figure 1 and summarized in Table
1. The bandshape of the spectral envelope, especially for
methanol solutions, is complex and results from several over-
lapping component bands. Spectral enhancement techniques
such Fourier self-deconvolution and curve fitting can be applied
to obtain the underlying band structure, as shown in Figure 2.
Closer inspection of thecy mode for SCN in aprotic solvents
shows that this mode is asymmetric and can be simulated by
two bands, a “free’cy vibration and a smaller band attributable

The temperature probe in the spectrometer was calibrated by the knownto thevs + v, — v, (hot band) vibration about 7 cm lower in

temperature dependence of the proton chemical shifts in metffanol.

Spectral envelopes were fitted to Gaussian/Lorenztian bandshapes
in order to determine the number of vibrational components and yield
quantitative information about each component band. Sigma Plot (v.
4.14, Jandel Scientific, Inc.) was used to curve fit the infrared band
envelopes. Spectral regions of interest, generally 100cmvere
converted to ASCII files and imported as text files into Sigma Plot.

(38) Robinson, J. WPractical Handbook of Spectroscgp®RC Press:
Boca Raton, 1991; p 508.

energy. In the amide solvents, NMF and FA, the spectral

envelope is found to consist of three bands; an additional band
at higher energy is found in the methanol solution. The peak
frequencies and widths of the component bands are given in
Table 2. Thevcy stretch for 0.025 M SeCNin aprotic solvents

is also asymmetric and is well modeled by incorporating a

bending hot band about 7 crhbelow that of the fundamental.

In the protic solvents, NMF, FA, and MeOH, tlrey vibration

of SeCN is broader than in aprotic solvents (Table 1) and
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Figure 2. Fourier self-deconvolution of thecy stretch for~0.25 M

2025

2000 1975

1950

solvent system ven (cm?) Avip (cm?)
SCN-

NMa 2052.0+£ 0.1 12.4+ 0.3
2059.2+ 0.1 12.2+ 0.1

DMF2 2050.0+£ 0.1 12.3+ 0.2
2056.7£ 0.1 11.8+ 0.1

NMF 2048.0+ 0.5 25.4+ 0.2
2058.2+ 0.2 15.1+ 0.8

2067.5+ 0.5 20.4+ 0.2

FA 2050.1+ 0.8 23.0+£ 1.2
2057.8+ 0.3 14.0£ 1.8

2065.3+ 1.0 20.8+ 1.0

MeOH 2043.9£ 0.7 29.3+£ 0.3
2057.5+ 0.1 20.2+2.0

2072.8+£ 0.2 248+ 2.0

2090.9+ 0.6 15.8+ 1.0

SeCN

NMa 2060.8+ 0.1 12.1+ 0.2
2068.2+ 0.1 11.1+ 0.1

DMF2 2060.8+ 0.2 14.1+ 0.4
2066.4+ 0.1 12.0£ 0.1

NMF 2054.1+ 0.4 24.8+ 0.2
2076.7£ 0.3 20.8+£ 0.2

2068.0+ 0.3 20.6+ 0.4

FA 2051.9+ 0.3 29.6+ 0.4
2066.8+ 0.2 22.4+ 0.2

2073.5+£ 0.2 24.44+ 0.8

MeOH 2058.9£ 2.0 48.0+ 10.
2065.5+ 0.7 25.1+ 0.2

2086.3+ 0.7 28.9+ 2.0

a2 Hot band included for aprotic solvents only.

consists of a composite of three barftithe parameters for these
components are also summarized in Table 2.

A clearer picture of the formation of aniersolvent adducts
can be obtained by adding either the protic solvent or the
chalcocyanate anion to a dilute solution of the other in a weakly
solvating (“inert”) solvent, such as nitromethane (NM), for
which the donor number is low. Infrared studies of thetC
stretching modes for NM show that this solvent only weakly

Schultz et al.

Absorbance (rel.)
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Wavenumbers (cm")
Figure 3. vy stretch for~0.1 M NBwSCN in NM with MeOH added.

solvates anion® The low donicity of this solvent also
precludes it from strongly interacting with electropositive
species. Thus, the solvation of the thiocyanate anion by
methanol can be followed by measuring the 23@000-cnt?!
spectral envelope 0f0.1 M NBwSCN in NM as a function of
added MeOH. When no methanol is present, tbg stretch

of SCN™ is a sharp absorption at 2059 tin As MeOH is
added, the intensity of the 2059-cinpeak falls, with con-
comitant broadening of the spectral envelope, but virtually no
change in the peak frequency. There are two isobestic points,
observed above and below the peak maximum, which imply
the formation of two thiocyanatemethanol complexes (Figure

3). In order to address the underlying composition of the
spectral envelopes, the line shapes were Fourier self-decon-
volved. The deconvolution procedure reveals that the absorb-
ance of the centralcy component decreases as the concentration
of MeOH increases. Concurrently, two new bands grow, at
2070 and 2047 cmi. Similar results are seen in the titration
studies with NMF and FA.

Quantitative information can be obtained by fitting the
absorption envelopes to Gaussidrorenztian sum components,
which yields the absorbance, bandwidth, and peak position of
each constituent band. The absorption curves in the methanol
series can be well simulated with four components: at 2052
cm™ for the hot band, at 2059 crhfor the free anion, at 2070
cm~1 for a methanotthiocyanate complex, and at 2047 ©h
for a second methanethiocyanate complex. The absorptivities
of the fundamental constituents, plotted in Figure 4, are
qualitatively similar to those obtained by the Fourier self-
deconvolution of the experimental spectral envelopes. Similar
titration experiments were performed by adding NMF and FA
to solutions of 0.15 M NBKSCN in NM. Curve fitting and
Fourier self-deconvolution of the 216@020-cnT! spectral
envelopes also show that the line shape in each case is a
convolution of four bands (Table 3). The absorption envelope
for SeCN can also be well simulated by four bands: at 2062
cm~1 for the hot band, at 2069 crhfor the free anion, at 2078
cm! for a methanotselenocyanide complex, and at 2061¢ém
for a second methansethiocyanate complex (Table 4).

(39) Schultz, P. WPh.D. DissertationMichigan State University, 1995.

(40) Ramana, K.; Surjit, S1. Mol. Struct.1989 194, 73.
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M NBu4sSCN in NM as a function of MeOH added. 770 760 750 740 730 720
Table 3. Summary of the Peak Positions and Bandwidths{m Wavenumbers (cm™)
from the Curve-Fitted Component Bands of thg, andvcs . - . :
Stretches of 0.15 M NBSCN in NM with NMF, FA, or MeOH Figure 5. wvcs stretch for~0.1 M NBwSCN in NM as a function of
Added MeOH added.
solvent  ve peak ves peak obtained from NMF or FA titrations can be simulated adequately
system __position vz fwhh position _ vesfwhh by two GaussiartLorenztian sums (Table 3).
NMF  2050.0+1.0 17.4+0.8 739.5+0.6 11.4+0.8 Assignments. The structure of the primary solvation sphere
gggg'gi (1)'31 ﬁgi gg 751004  10.3+26 surrounding the thiocyanate anion in neat solutions of NBu
FA 20507+ 10 158+28 739804 12.8+12 SCN in MeOH, FA, and NMF can be understo_od by identifying
2059.2+ 0.1 11.8+0.3 751.4+1.6 13.0+1.6 the component bands of the two stretching modes. The
2067.2+2.0 14.3+1.8 concentration dependence of the infrared absorbances for the
MeOH  2047.0+1.0 20.4+3.0 739.5£0.3 11.4+04 component bands in the titration studies, exemplified in Figures
2059.4+01 128+12 751.7£08 14.5+£2.0 3 and 5, shows clearly that the SCldnion is involved in two

20705£04  132+4.0 equilibria that have 1:1 stoichiometry. The most straightforward

Table 4. S ¢ the Peak Posit d Bandwidths @ assignments are those for the unperturbed or “free” S@ese

aple 4. ummary o e rPea ositions an anawi s(gm

from the Curve-Fitted Component Bands of thg Stretch of 0.025 bhands OCC(;H atC2059| Cl’hf_or thle VeN E]Ode land |740 q’ﬁ for_ h

M NBU,SeCN in NM with MeOH Added thevcsmode. Complexation along the molecular axis to either
end of SCN leads to positive frequency shifts for they

solvent system ven peak position Vi fwhh mode® These two types of interactions can be easily distin-
MeOH gggg-gi é-‘li ig-ggi i-gg guished by the perturbations of thes mode. An electrostatic
20775% 04 15.36¢ 168 interaction to the nitrogen atom in SCNwill blue shift this

mode, whereas an electrostatic interaction to the sulfur will result
o ] ) ) in a red shiftt14 Clearly, there is nacs component lower in
Hydrogen bonding interactions with these anions perturb not energy than that for the “free” SCN which implies that the
only the frequencies of the stretching vibrations but also their 5970-cnrt band must be due to a SCN-HOMe complex. The
gbsorptlwty. The |_ntegrated absorpyvny for tth str(_atch_ red-shifted bands in thecy mode of SCN have previously
increases by 30% in the methanol titration series. Likewise, peen assigned to complexes having nonaxial interactions to the
the integrated intensity for the-y stretch in the NMF and FA nitrogen atomd® where one or two solvent molecules are
titration series each increases by 13%. Experimental studies;ggociated with the complex. The concentration dependence
have_shown that ionic ar_1d hydrogen bondlng _mteractlons 10 of the 2047-cmt band suggests that the stoichiometry of the
the ”'”g?g” atom of SCNincrease the absorptivity of then ~ complex is 1:1. Thus, the lower frequency band is attributed
stretch!~#% They are supported by our theoretical study, which 5 5 1.1 complex with a nonaxial hydrogen bond to the nitrogen
predicts that electrostatic interactions to the nitrogen of SCN 4100 Theoretical calculations support these assignments. They

and SeCN increase the molar absorptivity of they mode in predict that hydrogen bonding to the nitrogen atom by hydrogen

these anions? , . fluoride or water will increase the frequency of the stretching
The 776-720-cn1™ spectral region contains the:s mode modes when the interaction is along the molecular &xi€n

and a vibration from the NB(f cation. In a 0.15 M NBu the other hand, a nonaxial hydrogen bonded complex will be

SCN solution in NM, this band is centered at 740 €ém  cparacterized by a red-shift for threy stretch and a slight blue-
Addition of MeOH broadens the absorption and shifts the gpift in the ycs stretch?® Additional support for this unusual
maximum of the envelope, with growth of a band at 752€m  1vqrogen bonded complex is derived from the crystal structure
as shown in Figure 5. This spectral envelope and similar spectra; Na*(12C4) SCN-HOMe, where the EN—O angle is

(41) Kinnell, P. O.; Stranberg, Rcta Chem. Scand.959 13, 1607. 11344 In the infrared spectrum of this solvate they mode
36§42) Hart, G. W.; Hollenberg, J. ISpectrochim. Acta, Part 2969 34, lies 12 cnT?! below that of thevcy stretch in Na(12C4»SCN-.
(43) Chabanel, M.; Bencheikh, A.; Puchalska,JDChem. Soc., Dalton (44) Schultz, P. W.; Ward, D. L.; Popov, A. I.; Leroi, G. E. Phys.

Trans.1989 2193. Chem.In press.
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The same assignments can be made fowthgcomponents

deconvolved from the spectra in the selenocyanide titration. The
low-frequency band is attributed to a solvent adduct with a non-
axial interaction to the nitrogen end of the anion and the high-

Schultz et al.

[SCN]; = [SCN]; + [SCN +--HOMe], +
[SCN™--*HOMe], (4)

frequency component to a complex having an axial interaction [MeOH]; = [MeOH]; + [SCN ---HOMe], +

to the nitrogen atom.

The assignments from the titration experiments can be applied
to the neat protic solutions. In the neat amide solutions, bands

both above and below the “free” component~a2058 cnt?,
which can be assigned to the “free” SCNare found. They

can be attributed to solvent interactions along the molecular
axis of the anion and a nonaxial interaction, respectively. It
should be noted that our experiments cannot differentiate
between one and two nonlinear interactions, since the bands
are so strongly overlapped. Similar structure is observed in

methanol solutions. The band at 2058 @ncan be assigned
to “free” SCN-, the band at 2044 cm to a non-axial

interaction, and the 2073-cthcomponent to an axial interaction

[SCN+--HOMel, + 2[(MeOH),] (5)

Substitution of equilibrium expressions for egs3.into eqs 4
and 5 and solution of the resulting equations simultaneously
for [SCN]; yields a cubic expression in [MeOKEeq 6. The

{ 2K, (K, + K} [MeOH]® + (K, + K, + 1)[MeOH]? +
{(K; + K)([SCN ]; — [MeOH]y) + 1}[MeOH]; —
[MeOH],; =0 (6)

roots of eq 6 can be determined analytically, from which an
expression for the concentration of free methanol can be derived

at the nitrogen end of the anion. The additional band at 2091 i terms of the association constaris + K, andKp. It should

cmt is probably due to a MeO+tSCN--*HOMe complex
since a red-shifted component in thes mode is not observed.
The component bands of threy envelope for SeCNin NMF,

be noted that sinc&; cannot be separated froky, only the
sum can be determined. An expression for [SGiNan be
written in terms of the association constants and the total MeOH

FA, and MeOH can be attributed to free and hydrogen bonded gand SCN concentrations by substituting expressionsoand

complexes like those seen in SCNA band attributable to a
1:2 solvate was not observed in any SeCdolutions.

Thermodynamics. In addition to multiple associations of

Kz and the solution for eq 6 into eq 4.
The observed NMR chemical shift of either tH#\ or the
77Se (for SeCN) resonance in these aniordsgys is a population

the thiocyanate or selenocyanide anions with the hydrogen average of those for the free anion and both 1:1 complexes as
bonding solvents, both the self-association of the hydrogen shown in eq 7, whergiee is the mole fraction andgee is the

bonding solvent and ion pairing of the NERCN or NBuSeCN

chemical shift of the free aniory, is the mole fraction of the

salts in nitromethane must be considered and possibly incor-first 1:1 complex and; is its chemical shift, angs is the mole
porated into the model for the solution equilibria. Previous fraction of the second 1:1 complex, which has the chemical
investigations of the tetraalklyammonium salts in nitromethane shift ¢,. With the appropriate substitutions, eq 7 can be

have shown that ion pairing is negligible at 0.1*MTherefore,

rewritten (exemplified for the SCNMeOH system in eq 8)

the results of our NMR and infrared measurements have beeng,ch that the observed chemical shift is a function of the

modeled by three equilibria: (a) the self-association of the association constant&{, K,, andKp), the free SCN concen-
hydrogen bonding solvent (limited to the dimerization) and (b) tration, the free MeOH concentration, and the limiting chemical

formation of two 1:1 aniorhydrogen bonding solvent adducts,

as illustrated for thiocyanate and MeOH in egs3L Although

shifts for the free SCN and the 1:1 complexes. Following
substitution of the expressions for [SCNand [MeOH}, the

these equilibrium expressions are written with the hydrogen yajues for the equilibrium constants, includikg, can then be

bonding interaction at the nitrogen end of SChkhe determi-

calculated by fitting eq 8 to the chemical shifts observed at

nation of the equilibrium constants is independent of the site different methanol concentrations. Again, individual association

of the hydrogen bond. At the low concentrations of SGixd

constantsK; andKj, cannot be determined; the analysis yields

SeCN employed in this work, the equilibrium constants can only their sum or the parametts(01—92) + Ka(01—02). The
be written in terms of the concentrations of the species in the dgerived values for the equilibrium constants are summarized in

equilibria; the activity coefficients can be neglected.

Ky
SCN™ + MeOH==SCN --*HOMe (1)
K2
SCN + MeOH==SCN 2)
"HOMe
KD
2MeOH= (MeOH), (3

Equation 4 gives the total concentration of SCM terms of
the concentration of the free SCNanion, [SCNs, the
concentration of the first 1:1 complex, [SCN-HOMe];, and
the concentration of the second 1:1 complex [S&GNHOMe)..
Likewise, the total concentration of MeOH, [MeOglkan be
written in terms of the concentrations of free MeOH, [Me@H]
the two 1:1 complexes, and the methanol dimer, [(MefpH)
according to eq 5.

Table 5. The experimental data at several temperatures are
illustrated by the SCN'MeOH titration in Figure 6.

5obs = Xfreeafree + Xlél + X262 (7)

Oops = {K1(0,—0¢) + Ky(0,—6¢)} [SCN ];[MeOH]/
[SCN]; + Ofee (8)

The line width of the!“N resonances can also be used to
obtain association constants for these adducts. Under the
condition of fast exchange between the free (f) and the bound
(b) sites, and in the absence of exchange broadening, the spin
lattice relaxation time (T10n9 is the population average of the
relaxation times for the free (Is) and the bound (T4y) species.

For quadrupolar nuclei such & in asymmetric environments,
the longitudinal relaxation rate is very fast and is the dominant
relaxation pathwa§® In such systems, the approximatiof ibbs

= 1/T,ops can be made, thereby relating the line width of the
19N resonance to the association constants for the complex

(45) Hojo, M.; Miyauchi, Y.; Imai, Y.Bull. Chem. Soc. Jpri99Q 63,
3288.

(46) Abragam, A.The Principles of Nuclear MagnetisnOxford
University Press: New York, 1961.
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Table 5. Association ConstantsK{ + K) andKp, for the

Formation of the Two 1:1 Complexes and Self-Association of the

Protic Solvent, Determined bYYN NMR Measurements for SCN

Systems
solvent 1N chemical shift 1N line width
SyStem ((1 + K2) Kb (K1 + Kz) Kb
MeOH
25.0°C  0.83£0.01 0.10+:0.01 0.84+0.03 0.10+0.01
12.5°C 1.05£0.01 0.114+-0.01 0.95:0.05 0.104+0.01
0.0°C 1.374£0.01 0.13+0.01 1.34+:0.05 0.14+0.01
—12.5°C 1.704£0.02 0.15:£0.01 1.64+:0.09 0.15+:0.01
—25.0°C 2.07+£0.02 0.17£0.01 2.12+0.07 0.14+0.01
FA
25.0°C  0.76£0.01 0.07+0.01 0.74+0.02 0.07+0.01
12.5°C  0.9040.01 0.07£0.01 0.92+-0.05 0.08+0.01
0.0°C 1.0540.01 0.094-0.01 1.014+0.04 0.08+0.01
—12.5°C 1.2740.01 0.10£0.01 1.25-0.05 0.09+0.01
—25.0°C 1.46+0.02 0.11+£0.01 1.43+0.05 0.10+0.01
NMF
25.0°C  0.71£0.01 0.05-0.01 0.70+0.04 0.044+0.01
12.5°C  0.854+0.01 0.06£0.01 0.85+-0.05 0.05+0.01
0.0°C 0.94+0.01 0.07£0.01 0.94+0.06 0.06+ 0.01
—12.5°C 1.004+0.01 0.07£0.01 0.99+0.03 0.06+0.01
—25.0°C 1.18+£0.03 0.09+0.01 1.22+0.09 0.07+0.01
-25.0°C
-176 | 0.12.5°C
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Figure 6. N NMR chemical shift for~0.1 M NBuSCN in NM as
a function of MeOH concentration and temperature.

formation, since the line width of an NMR resonande/) is
proportional to the reciprocal of the transverse relaxation rate,
eqg 9. Again, the relationships for [SCIN and [MeOH}

discussed previously can be substituted for the concentrations

of free SCN- and MeOH. Figure 7 shows tHéN line width
dependence on temperature and MeOH concentratiorn@at
M SCN~ in NM. The association constant sums and the
dimerization constants determined from the line width analysis

are also collected in Table 5. The agreement between the values

determined by the two methods is excellent.

2 2K Kb

aT, m\Ty Ty
2[SCN J[MeOH]( 1 1) L2

aMeOH]; \Ty, Tyl  aTy

Similarly, the 7/Se and'N resonances in NBSeCN are

Avyp, =

9)

J. Am. Chem. Soc., Vol. 118, No. 43, 1996623
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Figure 7. N line width of ~0.1 M NBwSCN in NM as a function
of MeOH concentration and temperature.

dependences can be fitted to the models described earlier. At
room temperature, theK{ + K;) parameter from the’Se
chemical shift is 0.68: 0.06 M1, whereas the value is 0.69

0.01 M from the N resonance. Similar to th&N experi-
ments for SCN, the line width of the nitrogen resonance for
SeCN increases as a function of MeOH added; however, the
line width for the?”’Se resonance of SeCNemains constant
throughout the titration series. This observation confirms that
the line broadening in th&N resonances for SeCNdoes not
result from exchange broadening.

The formation constants for the hydrogen bonded complexes
can also be determined in a number of ways from the
concentration dependence of the infrared band absorptivities.
The absorptivity of the 2059-cth component can be related
to [SCN]s and [MeOH} as shown in eq 10, whekggsgis the
molar absorptivity and is the path length of the infrared cell.
Upon substitution for [MeOH] the absorbance of the 2059-
cm~1 component becomes a function of the molar absorptivity,
path length, equilibrium constants, and the total concentrations
of SCN~ and MeOH. The fitting of eq 10 to the absorbance of
thev,ps9 band provides the formation constants of the solvated
complexes and the self-association constant for the solvent.
Likewise, the absorbance of the blue-shifted and red-shifed
component bands in the methanol titration can also be related
to the total SCN and MeOH concentrations. The integrated
intensity of thevcy mode provides a fourth method for obtaining
the association constants, since the molar absorptivities of the
complexes are larger than that for the unperturbed anion. The
integrated absorptivityA) is the sum of all the component band
absorbances. With the appropriate subsitutions, the integrated

€205 [SCN ]+
1+ (K; + K)[MeOH];

Aos9= €205d [SCN ¢ = (10)

absorptivity (A) can be written so that it is a function of the
total concentrations of SCNand MeOH by substituting the
relationship for [MeOHj into eq 11. It should be noted that
the inclusion of the second 1:1 hydrogen bonding equilibrium
cannot be mathematically distinguished from a single 1:1
equilibrium, since the concentration dependencies will be the

sensititive to electrostatic interactions and the concentration same. TheK; + K;) parameter obtained by fitting this model



10624 J. Am. Chem. Soc., Vol. 118, No. 43, 1996 Schultz et al.
Table 6. Association Constantd{ + K;) andKp, of SCN™ with MeOH, FA, and NMF from the Stretching Modes of SCN
solvent system Aocoss Ablue shift Aved shift integrated absorptivity Az
MeOH
K1+ Kz 0.86+0.02 0.864+ 0.01 0.86+ 0.01 0.83+0.01 0.82+ 0.04
Kb 0.09+0..01 0.10+ 0.01 0.10+ 0.01 0.09+ 0.01 0.10+ 0.01
FA
K1+ Ky 0.71+0.01 0.70+ 0.01 0.72+0.01 0.72+0.02 0.68+ 0.09
Kb 0.06+0.01 0.064 0.01 0.06+ 0.01 0.07£0.01 0.06+ 0.01
NMF
K1+ Kz 0.67+0.01 0.624+0.01 0.71+£0.01 0.71£0.02 0.67+ 0.06
Kb 0.06+ 0.01 0.05+ 0.01 0.05+ 0.01 0.05+ 0.01 0.05+ 0.01

Table 7. Thermodynamic Parameters for the Association of S@th MeOH, FA, and NMF from the NMR Measurements

solvent system 14N chemical shiftAH14,° (kd/mol)

AS1+2° (I molt K1)

1N linewidth AH14,° (kd/mol) AS;+2° (J molFtK2)

MeOH —11.4+0.7 —40+3 —11.8+0.8 —414+3
FA —8.2+0.3 —30+1 —8.0+£0.6 —29+2
NMF —58+0.7 —22+2 —6.2+0.8 —24+3

to the experimental data provides additional confidence that the
ven spectral envelope is correctly simulated, since the model
for the integrated absorptivity makes few assumptions about
the equilibria involved in thecy spectral envelope. If thecy
mode is simulated with only two Gaussian/Lorenztian bands,
the association constant for the 1:1 complex calculated is
substantially smaller than thi€; + K, value determined by
NMR. The results for the interaction of SCNvith all three
protic solvents are collected in Table 6.

A=
I[SCN],
1+ (K, + K)[MeOH],

(€ree T (Kieq + Kye,)[MeOHJy)
(11)

The vcs mode, in the titration series, was found to be a
composite of two bands. The concentration dependence of thes

best fits the experimental data and is consistent with previous
results assumes that the 740-dncomponent is a composite
band with contributions from the “free” SCNand one of the
solvated complexes and that the 751=éncomponent is the
sum of a NBy™ absorption and the other solvate complex. The
absorbance at 740 crhcan be related to the total concentrations
of SCN- and MeOH, eq 12. The association constants
calculated from the concentration dependence of the absorbanc
for this mode are in excellent agreement with those obtained
for the veny mode; see the last column of Table 6.

Az40= €ged [SCN ] + €,/ [SCN ---HOMe]2 =
I[SCN'T,
1+ (K; + K))[MeOH];

(€qree T €K, [MeOH]y) (12)

Even thoughK; and K, cannot be separated in the NMR

Conclusions

The interactions of the thiocyanate and selenocyanide anions
with the protic solvents MeOH, FA, and NMF are weak. Their
strength is an order of magnitude weaker than the analogous
solvation of the cyanate anion by these protic solvéntghich
makes them difficult to study. In this work, we have investi-
gated SCN and SeCN solvates by a number of infrared, NMR
and computational techniques in order to obtain an understand-
ing of the structure of the primary solvation sphere. The
concentration dependence of the integrated intensity fordkhe
mode, the'*N chemical shift, and thé*N line width all fit a
1:1 equilibrium model. It should be noted that these models
do not discriminate between two 1:1 equilibria and a single 1:1
equilibrium. The deconvolution procedures applied to the
infrared spectral envelopes are not without ambiguity. For
example, thescy mode in the SCN/methanol titration experi-
ments could have been fit by only three bands (the hot band,

component bands can be fit by several models. The model that?he free” SCN', and a single SCNMeOH complex) instead

of four. However, the parameters from this procedure are not
self-consistent; the peak positions and band widths of the
component bands are not constant. Other authors have used
more than four components to fity of SCN- in methanol8
Although four bands simulate this spectral envelope with
insignificant residuals, a larger number of bands could be
convolved in this line shape. Thes stretch, which is very
sensitive to electrostatic interaction, is more diagnostic for the
fiumber of vibrational components; this mode precludes a large
number of vibrational components. If only a single 1:1
equilibrium model is utilized to deconvolve the stretching
modes, the association constants are not in agreement with those
obtained from the integrated absorbance Mhechemical shift,

and the!*N line width data. We believe that we have correctly
determined the presence of two 1:1 ani@olvate equilibria

in our titration experiments from the harmony found among
the results obtained by the disparate techniques.

The SCN and SeCN anions are much less solvated than

experiment, it was found that the temperature dependence ofOCN-. Whereas in MeOH, FA, and NMF solutions the OCN

their sum fits the usual Gibb’'s free energy relationship. The anion is associated with approximately 2 solvent molecules, a
computed enthalpy and entropy values (Table 7) are a convolu-significant proportion of the SCNand SeCN anions are not
tion of the two equilibria that they represent. Despite the hydrogen bonded (i.e. “free”) in neat solutions of these solvents.
difficulty in interpreting the meaning and significance of these The titration studies show that the enthalpy of complex
parameters, they are fairly similar to results we obtained for formation is smaller and the entropy of complex formation is
complexes of the cyanate anion with these protic solv®nts. larger for SCN and SeCN solvation, as compared to OCN
Here theAS;+, values are larger than those for the cyanate A possible explanation is provided by the molecular electrostatic
association, whereas the enthalpy values for the thio- potential. Ab initio studies of these anions show that the cyanate
cyanate complexes are smaller than those for the cyanateanion has a more negative electrostatic potential off the nitrogen
complexes. atom than is calculated for SCNand SeCN.* The smaller
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electrostatic potential for SCNand SeCN results in a smaller  interactions at the chalcogen atom of OGISCN-, and SeCN,
hydrogen bond enthalpy of formation. Although the net charge for which the predicted electrostatic potential decreases in the
on all three anions is-1, the distribution of this charge is also  same ordet* In methanol solutions, a significant proportion
important in how they order or structure the solvent molecules of the cyanate anion is hydrogen bonded at the oxygen end,
surrounding them. The smaller electrostatic potentials for SCN yet only a small percentage of the SCIé hydrogen bonded

and SeCN order the nitromethane molecule_s surrounding them at the sulfur end and no detectable hydrogen bonding is observed
less well than does OCN Thus upon formation of a hydrogen ) . .
at the selenium atom in SeCMMeOH solutions.

bond with SCN or SeCN, fewer solvent molecules will be
released, thereby resulting in a more negative entropy than for
OCN- complexation. Additional evidence is provided by the JA960882Vv



