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ABSTRACT: Cryogenic ion vibrational spectra of D2-tagged
cyanobenzoate (CBA) derivatives are obtained and analyzed to
characterize the intrinsic spectroscopic responses of the −CO2

−

headgroup to its location on the ring in both the isolated anions
and the cationic complexes with divalent metal ions, M2+ (M =
Mg, Ca, Sr). The benzonitrile functionality establishes the different
ring isomers (para, meta, ortho) according to the location of the
carboxylate and provides an additional reporter on the molecular
response to the proximal charge center. The aromatic carboxylates
display shifts slightly smaller than those observed for a related
aliphatic system upon metal ion complexation. Although the CBA
anions display very similar band patterns for all three ring
positions, upon complexation with metal ions, the ortho isomer
yields dramatically different spectral responses in both the −CO2

− moiety and the CN group. This behavior is traced to the
emergence of a tridentate binding motif unique to the ortho isomer in which the metal ions bind to both the oxygen atoms of the
carboxylate group and the N atom of the cyano group. In that configuration, the −CO2

− moiety is oriented perpendicular to the
phenyl ring, and the CN stretching fundamental is both strong and red-shifted relative to its behavior in the isolated neutral. The
behaviors of the metal-bound ortho complexes occur in contrast to the usual blue shifts associated with “Lewis” type binding of metal
ions end-on to −CN. The origins of these spectroscopic features are analyzed with the aid of electronic structure calculations, which
also explore differences expected for complexation of monovalent cations to the ortho carboxylate. The resulting insights have
implications for understanding the balance between electrostatic and steric interactions at metal binding sites in chemical and
biological systems.

I. INTRODUCTION

In isolation, divalent metal ions typically bind to the
carboxylate anionic headgroup of a molecule in a bidentate
fashion with respect to the oxygen atoms. This structural motif
is indirectly encoded in the behavior of the CO stretching
fundamentals of the carboxylate group, and using this
diagnostic, the bidentate binding mode is found in biological
ionophores.1−4 The influence of the local solvation environ-
ment on these spectroscopic signatures has been explored in
microhydrated metal ion complexes with aliphatic R−CO2

−

anions using cryogenic ion vibrational spectroscopy.5,6 Here
we extend that work to include the cyanobenzoate isomers
depicted in Figure 1, which introduce the new feature that the
carboxylate group participates in the aromaticity associated
with sp2 carbon atoms in the ring. This intramolecular

interaction is evidenced by the fact that the isolated benzoate
anion is planar, which can be rationalized by partial charge
delocalization onto the ring. Quantifying the spectroscopic
behaviors of the benzoates thus explores the question of how
partial delocalization of the excess charge affects the response
of the CO stretching bands both as isolated anions and in the
cationic complexes formed by attachment of divalent metal
ions, M2+ (M = Ca, Mg, Sr) onto the carboxylate group.
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Further, to determine how the CO2
− and CO2

−/M2+ charge
centers affect substituents bound to the ring, we exploit the fact
that the CN group is widely used to monitor electric field
effects in complex condensed media7−9 such as enzyme active
sites.7,10−12 It is of particular interest to elucidate how metal
binding occurs in the ortho-cyanobenzoate in which the charge
center resides closest to the cyano group. This aspect of the
study thus establishes how the CN fundamental responds to
proximal charges in the absence of competing effects (e.g.,
electric field, hydrogen bonding, molecular conformation) that
contribute to the spectroscopic readout8,13,14 in the condensed
phase. We establish the structures adopted by these molecular
anions and their metal complexes by analyzing their vibrational
band patterns obtained by cryogenic vibrational spectroscopy
of the He- and D2-tagged, mass-selected ions. This structural
information, in turn, provides a well-defined platform for
unraveling the factors driving the spectral response of the CN
group.

IIA. EXPERIMENTAL METHODS

Infrared predissociation (IRPD) spectra of isolated molecules
cooled to ∼20 K were collected using the Yale hybrid
photofragmentation mass spectrometer (“Yale spectrometer”),
which has been described previously.15 Briefly, the instrument
couples a ThermoFisher Scientific Orbitrap Velos Pro mass
spectrometer (hereafter “Velos”) with a custom-built, triple-
focusing tandem time-of-flight (“TOF”) mass spectrometer.
The Velos was used to survey different solution preparations
for stable electrospray ionization (“ESI”) prior to collection of
IRPD spectra. In a typical experiment, ions produced using the
Velos ESI source were transferred to the Yale custom-built
spectrometer for infrared spectroscopy. Following extraction
from solution via ESI using the Velos ion source, the molecules
under study (“ions”) are isolated in high vacuum (∼10−6 Torr)
through multiple differential pumping stages and held in a
radio frequency Paul trap. The ions are decelerated and cooled
in the Paul trap via collisions with pulsed He buffer gas. The
buffer gas is doped with a “mass tag,” typically H2 or D2, which
weakly attaches to the ions at low temperature (10−30 K). For
ions with sufficiently exposed charge centers, minimally
perturbative tagging with He is utilized. Following cooling
and attachment, the tagged ions are extracted into the TOF
stage of the instrument in a Wiley−McLaren configuration.
The ions, thus mass-selected, are intersected with a mid-
infrared laser pulse (∼10 ns, ∼1 mJ, 800−4000 cm−1)

produced by an OPO/OPA system (LaserVision) with a
subsequent conversion to the 5−10 μm range in AgGaSe2.
When the laser pulse is resonant with a vibrational mode of a
given molecular ion, the weakly bound mass tag is dissociated
via intramolecular vibrational redistribution, allowing collec-
tion of the linear, single-photon infrared action spectrum that
can be directly compared to predictions produced using
electronic structure calculations. para-, meta-, and ortho-
Cyanobenzoic acid (hereafter: 4-CBA, 3-CBA, and 2-CBA,
respectively) were purchased from Sigma-Aldrich and used as
received. Mg(NO3)2, Ca(NO3)2, and Sr(NO3)2 were pur-
chased from Sigma-Aldrich and used as received. Solutions 1
mM in 2-, 3, or 4-CBA acid and 1 mM of a given metal nitrate
were prepared by sonication in 1:1 (v:v) methanol:water until
the mixture was clear. Solutions were directly introduced into
the Velos or Yale spectrometer via ESI.

IIB. THEORETICAL METHODS

Geometry optimizations and frequency calculations were
performed on all cyanobenzoate species using second-order
Møller−Plesset perturbation theory16−18 (MP2). Similar
results were obtained with density functional theory (DFT)
using the B3LYP-D3 functional. The 6-311++G(d,p) atomic
basis set19−22 was used for all electronic structure calculations
in this study. Relaxed scans were conducted about the dihedral
angle between the cyanobenzoate rings and carboxylate groups
using MP2. All MP2 and DFT calculations reported in this
paper were performed using the Gaussian16 electronic
structure program.23 Additional computational details are
provided in the Supporting Information, section S1.
The full infrared spectra were computed within the

harmonic approximation by diagonalization of the mass-
weighted Hessian at optimized geometries to produce the
normal modes. For calculated results reported in the figures
and tables, spectra were scaled by 0.975 below 2000 cm−1 to
match the carboxylate peaks. Spectra were scaled by 1.029
above 2000 cm−1 for comparison with measured frequencies
for nitrile stretching transitions. This calibration factor gives
agreement between experiment and the same level of
computation for the nitrile stretch in neutral benzonitrile.

III. RESULTS AND DISCUSSION

Figure 2 panels b−d present the D2-tagged IRPD spectra of the
three cyanobenzoates indicated in the insets, along with that
previously reported2 for the propionate (CD3CD2CO2

−,
hereafter d-OPr−) anion in Figure 2a. The latter isotopologue
was chosen to suppress activity arising from the CH bending
modes in the region of the CO stretches. All four spectra are
dominated by the strong CO2

− modes arising from the
symmetric stretch (νs

CO) near 1320 cm−1 and the asymmetric
stretch (νas

CO) near 1650 cm−1, with the observed trends
collected in Table 1. We note that although this notation is
often used, the normal mode displacement vectors associated
with the “symmetric stretch” transition actually involves a
significant contribution from the C−C bond between the
carbon atoms that attach the headgroup to the ring. The
asymmetric stretch is more localized on the −CO2

− moiety,
and at a qualitative level, the νas

CO band position reflects the
electron density on the headgroup. Specifically, increased
electron density on the −CO2

− moiety leads to increased
population of the CO antibonding orbitals.5,24 This is manifest
in elongation of the CO bond lengths and concomitant red

Figure 1. Schematic of the three cyanobenzoate isomers (a,b,c)
corresponding to 4-, 3-, and 2-CBA, respectively, and the metal
complexes (d,e,f) explored in this study.
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shift in the νas
CO band. In this context, the main difference in the

CO band response of the aliphatic system compared to the
benzoates (Figure 2a) is that, for the former, the two bands are
slightly closer together. The largest difference is a ∼30 cm−1

blue shift in the CO asymmetric stretch, which is consistent
with the expectation that the CBA anions feature a small
amount of electron delocalization on the ring. The blue shift is
observed to increase by 5 and 7 cm−1, respectively, in going
from 4-CBA to 3-CBA and finally to 2-CBA, illustrating the
magnitude of the role played by the interaction with the
proximal −CN group. These empirical observations and

assignments are recovered by electronic structure calculations
with comparisons presented in Figure S1.
We next turn to the weaker CN stretch fundamental near

2220 cm−1. This band is evident in the spectra of all three CBA
isomers, but its intensity decreases significantly (by about a
factor of 3) going from 3- to 2-CBA. On the other hand, the
changes in the frequencies for the three isomers (see values in
Table 1) are within 10 cm−1, with the band in 4-CBA
appearing as a closely space doublet. They all fall significantly
(∼20 cm−1) below the band in isolated cyanobenzene25 (2242
cm−1, indicated by the red arrow (ΔνCB

CN) in Figure 2b). From
the structural standpoint, the most significant difference occurs
in the calculated behavior of the 2-CBA anion. Its minimum
energy structure is displayed in Figure 2d, illustrating that the
carboxylate functionality directly interacts with the CN group.
This is clearly a repulsive interaction between one of the
−CO2

− oxygen atoms and the N atom of the nitrile group,
with the distortions highlighted in the expanded inserts
flanking the overall structure in Figure 2d. The CN group is
displaced about 12° away from the symmetry axis of the ring
position (ϕ in Figure 2d), while the carboxylate group is
rotated by ∼16° (θ in Figure 2d) out of the plane of the ring.
Values of key parameters associated with the calculated
minimum energy structures are collected in Table 2.
To further explore the intramolecular interactions in play in

the CBA anions, Figure 3 compares the calculated potential
energy for rotation of the −CO2

− group about the C−C axis
that binds it to the ring, constraining θ while allowing all other
degrees of freedom to relax, for all three isomers. The curves
are offset so that all the minima are placed at a common
energy. The barriers relative to the minimum energy
configuration are predicted to be about the same for 4- and
3-CBA but reduced by about 40% (from 3.92 to 2.48 kcal/mol
for para to ortho) for the ortho isomer compared to those of
the other two isomers. This quantifies the large magnitude of
the repulsive interaction when the two groups are closest in the
ortho species. In this case, the barrier is lowered because the
repulsive interaction substantially raises the energy of the
planar configuration, and this effect is reduced when the
carboxylate is oriented perpendicular to the ring. A comparison
of the absolute energies of the three isomers along the
carboxylate rotation angle is presented in Figure S2.

Figure 2. D2-tagged IRPD spectra of the (a) propionate-d5 (d-OPr
−),

(b) 4-cyanobenzoate (4-CBA−), (c) 3-CBA−, and (d) 2-CBA− anions.
Structures of the cyanobenzoates predicted at the MP2/6-311+
+G(d,p) level of theory are displayed as insets, with expanded regions
of the 2-CBA− structure indicated in (d) to highlight intramolecular
distortions. Spectral insets near 2200 cm−1 display 3× expansions of
the CN stretch fundamentals. The symmetric carboxylate stretch,
asymmetric carboxylate stretch, and nitrile stretch are denoted by νs

CO,
νas
CO, and νCN, respectively.

Table 1. Experimental (±5 cm−1) Bands (Bold), Scaled Harmonic Frequencies (in Parentheses), Mode Character
Assignments, and Nitrile Transition Intensities for the Ions and Metal Complexes Considered by This Worka

species νs
CO (cm−1) νas

CO (cm−1) να (cm−1) νβ (cm−1) νCN (cm−1) ICN (unitless)

d-OPr− 1344 (1367) 1620 (1642)

[Ca d-OPr]+ 1461 (1468) 1431 (1443)

4-CBA− 1313 (1333) 1648 (1667) 2216, 2225 (2229) 0.19 (0.079)

3-CBA− 1316, 1329 (1302) 1653 (1674) 2225 (2233) 0.20 (0.046)

2-CBA− 1317 (1298) 1660 (1674) 2215 (2217) 0.063 (0.011)

[Mg 4-CBA]+ 1385, 1434 (1361, 1411, 1426) 1503 (1508) 1603 (1607) 2242 (2230) 0.022 (0.021)

[Ca 4-CBA]+ 1393, 1431 (1367, 1428, 1436) 1501 (1507) 1606 (1607) 2243 (2231) 0.0053 (0.010)

[Ca 3-CBA]+ 1389, 1411, 1425, 1459, 1487
(1393, 1412, 1435, 1463, 1486)

1582 (1589) 1604 (1607) N.R. (2246) N.R. (0.017)

[Ca 2-CBA]+ 1415 (1412) 1486 (1511) 2190 (2219) 0.33 (0.33)

[Sr 2-CBA]+ 1425 1511 2202 0.30

aLabels: νs
CO, carboxylate symmetric stretch; νas

CO, carboxylate asymmetric stretch; να and νβ, mixed modes involving dominant CH displacement;
νCN, nitrile stretch; and ICN, intensity of the nitrile stretch expressed as a fraction of the strongest transition in the spectrum, which in all cases
contains νs

CO character. Due to mixing between the carboxylate stretching modes, C−C stretching modes, and CH modes in the metal complexes
with 3- and 4-CBA, transitions containing these mixed characters are grouped together under the νs

CO and νas
CO labels for these species. See Section

IIB for discussion of computational scaling factors.
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The frequency of the CN stretch is red-shifted going from 3-
CBA to 2-CBA, but it is not necessarily a reflection of
structural distortion since the 2-CBA frequency is actually very
close to the lower member of the doublet displayed by 4-CBA
(see values in Table 1). The origin of this doublet is not
presently known and is not accounted for at the harmonic
level. The major effect of the structural distortions at play in 2-
CBA on the vibrational spectrum is therefore the reduction in
the intensity of the transition. This insensitivity of the CN
frequency to the location of the negative charge center is
curious given the fact that many recent reports have exploited
its frequency shifts and intensity modulations as so-called
“reporters” for the local electric fields in complex
media.7−11,26−28 The CBA isomers thus extend related studies
that have considered how the nitrile H-bond-accepting
environment affects the spectral shift.13,14,29 We note that
the intensity trends in the response of the CN reporter have
been considered in the recent paper by Weaver et al.,9 and that
not only the presence but also the geometry of H-bonding
partners plays a crucial role in the nitrile spectroscopic
response.12−14,29 In the spectra shown in Figure 2, the CN
frequency is mainly reporting on the additional electronic

charge that delocalizes from the −CO2
− group onto the ring,

which appears to be similar for all three isomers.
IIIB. Vibrational Spectra of the M2+ Complexes with

2-, 3-, and 4-CBA. IIIB.1. Comparison with Aliphatic
Complexation in the 4-CBA Complexes with Mg2+ and
Ca2+. In light of the relative insensitivity of the CN stretch
frequency with respect to the anionic charge center, we next
consider the case of complexation with divalent cations (in this
case Ca2+, Mg2+, and Sr2+), which are known to bind in a
bidentate manner with the carboxylate group.5,6 In effect, this
modification converts the location of the anionic charge center
into a net charge of +1, which again migrates around the ring
according to the carboxylate location in the three CBA
isomers. We begin with the 4-CBA complexes with Ca2+ and
Mg2+, which feature the largest separation between the nitrile
group and the charge center. The divalent metal ions interact
very strongly with D2 molecules, and we therefore monitored
the IRPD behavior of the He complexes to obtain vibrational
band patterns minimally perturbed by the tag.
The spectra of the [M 4-CBA]+ (M = Ca2+ and Mg2+)

complexes are compared with that reported previously for the
Ca2+ propionate complex ([Ca d-OPr]+) in Figure 4. The
dominant effect of complexation in the latter class of
carboxylates is the dramatic collapse of the CO stretches, in
that case resulting in the two bands “crossing over” such that
νas
CO falls about 30 cm−1 below νs

CO. This effect has been traced
in part to the effect of the electron density being drawn onto
the CO2 scaffold and strengthening of the C−C bond that
attaches it to the alkyl tail. At the same time, the CO2 bond
angle closes by about 10° (see Table 2 for values of key
structural parameters). With this trend in mind, the spectral
response of the 4-CBA system to both Ca2+ and Mg2+

resembles that of the aliphatic system, with the dominant
oscillator strength arising from the CO motions concentrated
in the 1400 cm−1 region. This agrees with the calculated
spectra (inverted in Figure 4e,g for Ca and Mg, respectively)
which correspond to the minimum energy structures displayed
as insets in Figure 4d,f, respectively). These structures retain
planar structure of the CBA scaffold. We note that the nominal
CO stretching modes are calculated to be even more mixed
with displacements of atoms on the scaffold in the 4-CBA case
than those found in the aliphatic M2+ complex.5 Further

Table 2. Calculated (MP2/6-311++G(d,p)) Structural Parameters for the Ions and Metal Complexes Considered by This
Worka

species RCO (Å) ∠COO (deg) ωCOO (deg) ωCOO barrier height (kcal/mol) RN−M (Å) ∠CCN (deg)

d-OPr− 1.25 129 N/A N/A N/A N/A

d-[Ca OPr]+ 1.27 118 N/A N/A N/A N/A

4-CBA− 1.26 131 2.20 3.92 N/A 0.07

3-CBA− 1.25 131 0.63 3.77 N/A 0.81

2-CBA− 1.25 131 16.28 2.48 N/A 11.7

[Mg 4-CBA]+ 1.30 118 1.74 9.79 9.14 0.01

[Ca 4-CBA]+ 1.29 119 2.25 8.70 9.42 0.05

[Ca 3-CBA]+ 1.29 119 1.82 7.79 8.16 0.63

[Ca 2-CBA]+ 1.27 121 82.67 9.26 2.44 13.9

[K 2-CBA] 1.26 127 85.57 2.50 2.91 5.83
aLabels: RCO is the distance between an oxygen and the carbon atom in the carboxylate headgroup. ∠COO is the angle formed by the carboxylate
headgroup. ωCOO is the dihedral angle between the plane of the benzene ring and the −CO2

− moiety. The ωCOO barrier height is the energy
difference between the calculated minimum energy structure and the maximum energy as ωCOO is scanned (see Figures S2 and S3 for plots). RN−M

is the distance from the nitrogen atom belonging to the nitrile group to the metal where applicable. ∠CCN is the angle formed by the nitrile and
the aromatic carbon atom to which it is bound. See Table S2 and Table S3 for structural parameters from B3LYP calculations and for calculated
Mulliken charges, respectively.

Figure 3. Calculated (MP2/6-311++G(d,p)) potential energy curves
for rotation of the −CO2

− group about the C−C bond to the ring
while relaxing all other degrees of freedom, where θ = 0 corresponds
to the planar structure. The curves are vertically offset so that each
isomer’s minimum occurs at 0. See Figure S2 for a comparison of
absolute energies. See Figure S4 for analogous potential energy curves
obtained using DFT.
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dissection of the normal mode character is beyond the scope of
this paper, however, especially in light of the well-documented
pitfalls that can come from overinterpreting the structural
implications of the splitting between the expected νs

CO and νas
CO

modes.30,31

Interestingly, the CN stretching fundamentals in both the
Ca2+ and Mg2+ complexes (νCN in Figure 4d,f, respectively)
occur very close to that observed for the neutral cyanobenzene
molecule (νCB

CN, red arrow in Figure 4g). This is consistent with
the scenario that the partial charge delocalization from the
carboxylate onto the ring in the bare [4-CBA]− does not occur
to the same extent as it does in the metal complexes.The
general trend that the CN stretch weakens and blue shifts from
[4-CBA]− to [M 4-CBA]+ is in agreement with the previously
established nitrile response to the incorporation of electron
withdrawing groups on the ring.25,32

Figure 5 compares the calculated potential energy curves for
rotation of the carboxylate group for [4-CBA]− (red) and [Ca
4-CBA]+ (green). Interestingly, the complexation with the
dication substantially increases the barrier, from 3.92 to 8.70
kcal/mol (see Table 2). At a qualitative level, this large effect
would appear to be correlated with the polarizability of the
CBA scaffold, such that the planar structure enables substantial
negative charge to be accumulated onto the carboxylate when
conjugated with the ring. When this characteristic is lost in the
perpendicular arrangement (θ = 90°), reduced enhancement of
the ion binding pocket might lead to an increase in the barrier.
The CO2 bond angle is calculated to increase by ∼0.6° in
going from the planar to the perpendicular geometries,
consistent with such a scenario.

IIIB.2. M2+ Complexation with 3- and 2-CBA: Emergence
of the Tridentate Coordination Motif. Figure 6 presents the
evolution of the vibrational spectra along the series Ca2+ 4-, 3-,
and 2-CBA in panels a, b, and d, respectively. The CO
stretching region becomes much more cluttered in the [Ca 3-
CBA]+ spectrum (Figure 6b) relative to that displayed by 4-
CBA before resolving to two dominant peaks in the [Ca 2-
CBA]+ spectrum (Figure 6d). The strong triplet around 1500
cm−1 is qualitatively captured by the computationally predicted
spectrum for the [Ca 3-CBA]+ structure displayed inverted in
Figure 6c. This retains the overall planar structure of the CBA
scaffold, again with bidentate coordination of the Ca2+ ion. The
broadening of the oscillator strength derived from the CO
stretches is interesting in the context of previous work on the
dependence of the splitting on the electric field along the C−C
bond axis.6 In that study, adding solvent molecules around the
divalent cation in the Ca2+ propionate complex dramatically
increased the splitting as the first hydration shell “reaction”
electric field acted to counter the field at the CO2- site arising
from the proximal metal. Similar behavior of the CO stretches
in the [Ca 3-CBA]+ spectrum therefore suggests that the closer
CN group is acting to slightly loosen the metal ion binding to
the carboxylate. Interestingly, the CN stretch, predicted to
occur at 2246 cm−1, is completely missing in the experimental
spectrum. This is again a situation in which the intensity of the
CN fundamental is changing by orders of magnitude while its
frequency is barely affected.
With the behavior of the 4- and 3-CBA complexes in mind,

at first glance it might appear that the evolution of the bands in
the CO stretching region in the [Ca 2-CBA]+ spectrum
(Figure 6d) represents a continuation of the trend in which the
bands disentangle as they decouple from nearby modes to
recover their νs

CO and νas
CO parentage. The most striking

difference from the other two, however, is that the CN stretch
appears with dramatically increased intensity (a factor of ∼50)
going from 4-CBA to 2-CBA, whereas it is unmeasurably weak
in the 3-CBA spectrum (Figure 6b). This intensity enhance-
ment is accompanied by a significant (25 cm−1) shift of the
CN stretch below the lowest frequency in the CBA anions, and
a very large (∼50 cm−1) red-shift relative to the νCN value in
[Ca 4-CBA]+ (see Table 1). Note that this shift is opposite to
the trend expected for a CN moiety participating in an H-
bond-accepting interaction in a quasilinear arrangement along
the CN bond axis, which yields a blue shift.10 The red shift

Figure 4. IRPD spectra of (a) H2-tagged d-OPr
−, (b) He-tagged [Ca

d-OPr]+, (c) D2-tagged 4-CBA
−, (d) He-tagged [Ca 4-CBA]+, and (f)

He-tagged [Mg 4-CBA]+. Scaled, inverted computational spectra are
presented for (e) [Ca 4-CBA]+ and (g) [Mg 4-CBA]+. Computational
spectra are normalized to the strongest feature. The normalized y-axis
is expanded 25 times above 2000 cm−1 to make the calculated CN
transitions visible. The red arrow labeled νCB

CN marks the position of
νCN in isolated benzonitrile. The bands labeled α and β in (d), (e),
(f), and (g) are traced to mixed character bands involving ring CH
bending displacements. See Section IIB for discussion of scaling
factors. Only the fingerprint region is shown for clarity; for full spectra
of the ions considered by this work, see Figure S5.

Figure 5. Calculated (MP2/6-311++G(d,p)) potential energy curves
for rotation of the carboxylate group about the C−C bond to the ring
for the [Ca 4-CBA]+ cation (green) and [4-CBA]− (red). See Figure
3 and the text in Section IIB for definition of the dihedral angle and
theoretical details. See Figure S6 for analogous potential energy curves
obtained using DFT.
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observed here is, however, consistent with a side-on, or “π,” H-
bond interaction. Such H-bonding geometries have been
invoked to rationalize CN line shapes in condensed media and
are modeled to yield red shifts in cases where the C−N−δ+

angle is less than ∼120°.13 This is in contrast to more typical σ

H-bonds where this angle is >120° and the usual blue shift is
observed.
Both the CN frequency and intensity shifts signal the

formation of a different metal ion accommodation motif that
directly involves coordination with the nitrile group. The
formation of a new binding configuration is confirmed by the
minimum energy structure indicated in the inset of Figure 6e,
where the −CO2

−
·M2+ moiety has reoriented perpendicular to

the ring, thus accommodating direct metal ion binding by the
N atom of the nitrile group in an overall 3-fold coordination
environment. This result also meets the structural criterion for
π H-bonding with a C−N−Ca2+ angle of 112.1° and displays a
lengthened CN bond (1.181 Å) relative to [Ca 4-CBA]+

(1.178 Å) as expected in this case. The calculated spectrum
for this tridentate structure indeed recovers both the behavior
of the CO stretches as well as the location and intensity of the
CN stretch. Key parameters for this structure are highlighted in
Figure 7 and included in Table 2. To address whether this
tridentate motif is a general feature of divalent metal ion

binding, we also recorded the spectrum of [Sr 2-CBA]+ with
the result presented in Figure 6f. The key spectral signatures of
the tricoordinated arrangement are indeed almost identical
with those displayed by the Ca2+ variation, thus establishing
that this mode of divalent binding is likely a common structure.
The tridentate structure adopted by [Ca 2-CBA]+ is

interesting from the perspective of the intramolecular
interactions at play. Specifically, we noted above that in the
ortho position, the CO2 group in 2-CBA− undergoes a
repulsive interaction with the proximal CN group, forcing it
out of plane and distorting the CN bond away from the
symmetry axis of the ring. It is apparent that bringing in the
Ca2+ ion, with its attraction to the N atom of the nitrile group,
forces the CO2 further away while the cation becomes closer.
This balance of attractive and repulsive interactions is manifest
in the structure of the tridentate binding pocket, which now
features distortion of the CN toward the net positive charge
center. Note that in the perpendicular orientation of the
carboxylate group in the [Ca 2-CBA]+ structure (relative to the
ring plane), the two CO stretches are largely decoupled from
the ring modes, accounting for the simple doublet structure in
the 1500 cm−1 region. In the context of the local electric field
model mentioned above, it appears that the presence of the
CN in the first coordination shell around the Ca2+ ion plays a
similar role as addition of two or three water molecules in the
microhydrated [Ca d-OPr]+ case.6

To further explore the competition of intramolecular
interactions at play in the metal complexes with 2-CBA, we
again calculated the potential energy surfaces describing
rotation of the CO2 group about the C−C bond axis, with
the results displayed in Figure 8. Interestingly, at a rotation
angle of about 60°, there is a discontinuity in the curve
associated with a change in the binding motif for the lowest
energy structure, leading to a high-energy local minimum. In
the binding motif of this local minimum, the Ca2+ binds to one
of the oxygen atoms in a monodentate fashion while binding
side-on to the N atom of the nitrile group to form a seven-
membered ring. This local contact to the CN group is quite
similar to that found in the tridentate ground state structure.
We next address the role of the charge state of the metal ion

in driving these chelation motifs by extending the theoretical

Figure 6. He-tagged IRPD spectra of CBA complexes: (a) [Ca 4-CBA]+, (b) [Ca 3-CBA]+, (d) [Ca 2-CBA]+, and (f) [Sr 2-CBA]+. Scaled,
inverted computational spectra are presented for (c) [Ca 3-CBA]+ and (e) [Ca 2-CBA]+. See Section IIB for mode labels and scaling factors.

Figure 7. Expanded view of the tridentate structural motif adopted by
the [Ca 2-CBA]+ complex, calculated at the MP2/6-311++G(d,p)
level. The structural parameters whose values appear in Table 2 are
labeled.
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study to include the neutral [K 2-CBA] system, with the results
presented as the purple curve in Figure 8. In that case, the
minimum energy structure occurs with the CO2

−
·K+ moiety

oriented at 85.57° relative to the ring. Apparently, the singly
charged ion does not provide sufficient attraction to the nitrile
to fully overcome the energetic cost of completely breaking the
conjugation of the CO2 group with the ring. In addition, the
planar structure occurs with retention of the bidentate binding
of K+ to the carboxylate, illustrating the importance of the
greater electrostatic interactions at play in the M2+ systems.

IV. CONCLUSIONS

We have analyzed the vibrational spectra of three cryogenically
cooled anionic cyanobenzoate isomers and their positively
charged complexes with Ca2+, Mg2+, and Sr2+. The anion
spectra yield simple patterns dominated by the symmetric and
asymmetric CO stretches of the carboxylate headgroup along
with a much weaker isolated CN stretching fundamental near
2220 cm−1. The 2-CBA isomer, with the −CO2 and CN
groups in close proximity, adopts a nonplanar configuration in
which repulsion between one of the carboxylate oxygens and
the neighboring nitrile moiety distorts the ground state
geometry such that these groups are deflected away from
each other. The barrier to rotation of the carboxylate group is
lowered by about 40% relative to that in the other isomers by
this effect. Although the CN stretching frequency only changes
by ∼10 cm−1 across the three anionic species, the intensity is
observed to be much lower (by about a factor of 3) in the case
of the strongly distorted 2-CBA isomer.
For the 3- and 4-CBA isomers, divalent metal ion

attachment occurs in a bidentate fashion like that of the
structures reported earlier for metal ion complexes with
aliphatic carboxylates. This arrangement retains the planar
structure of the 3- and 4-CBA anions and is evidenced by the
collapse of the CO stretches in response to charge
accumulation on the carboxylate group as well as reduction
in the CO2 bond angle (by about 10°). The spectral signatures
of this motif are very similar upon attachment of the Ca2+ and
Mg2+ ions. The CN stretches in the 3- and 4-isomers are blue-
shifted relative to the location in the anion, falling close to the
value found in neutral benzonitrile.
The behavior of the [M 2-CBA]+ isomer is markedly

different: the intensity of the CN stretch is dramatically

enhanced (by ∼50×) and strongly red-shifted (by ∼50 cm−1)
relative to the bands in the 3- and 4-CBA metal complexes.
This occurs with a more open splitting in the CO stretching
bands. These features are traced to a new structural motif in
which the −CO2

−
·M2+ moiety adopts a tridentate coordination

environment involving attachment to both oxygen atoms as
well to the N atom of the CN group. This occurs with rotation
of the CO2 group perpendicular to the plane of the ring. The
large red shift of the CN upon this “sideways” complexation to
M2+ is opposite to the usual blue shifts displayed by “Lewis
acid” or σ-H-bond-like complexation directly along the CN
bond axis and is consistent with a metal−CN interaction in a
geometry resembling a π H-bond. Divalent metal ion
complexation onto 2-CBA thus reflects two intramolecular
forces: the repulsion between the oxygen atoms on the
carboxylate and the proximal nitrile group and the attraction of
metal ions to the nitrile group. This compromise is explored
with theoretical calculations on the neutral [K 2-CBA]
complex, which is calculated to occur with an intermediate
structure in which the −CO2

−
·K+ moiety is displaced slightly

from the perpendicular arrangement adopted by the divalent
ions.
This work provides insights into the balance of electrostatic

and steric interactions among metal ions, carboxylate groups,
and nitrile groups, leading to a variety of structural motifs that
can be probed spectroscopically and computationally. These
insights have implications for a wide range of chemical and
biological systems.
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