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We analyze the structures and spectral signatures of the cyclic intramolecular proton bond, N–H+ –
A, A = O and F, formed when an excess proton is added to derivatives of the 1,8-disubstituted
naphthalene scaffold. These compounds provide a quasi-rigid framework with which to study the
spectral complexity often associated with the N–H+ –A entity. Vibrational spectra were obtained by
monitoring photodissociation of weakly bound H2 adducts of the mass-selected ions cooled close
to 10 K. Several bands across the 900–3500 cm−1 spectral range were traced to involvement of
the bridging proton by their telltale shifts upon selective H/D isotopic substitution at that position.
We account for the complex patterns that occur near the expected locations of the NH stretching
fundamentals in the context of background levels mixing with a “bright” zero-order state through
cubic terms in the potential energy expansion. Thus, this system provides a detailed picture of one
of the mechanisms behind the line broadening often displayed by embedded excess protons. It does
so in a sufficiently sparse density of states regime that many discrete transitions are observed in the
vicinity of the harmonic stretching transition involving displacement of the trapped proton. © 2013
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4810878]
I. INTRODUCTION

An intermolecular proton bond (IPB) occurs when
closed-shell molecules (A and B), each with lone pairs of
electrons on electronegative atoms, are tethered by their mutual attraction to an excess proton. The coarse vibrational signatures associated with the bridging proton in binary protonbound complexes (A–H+ –B) have been recently reported,1
and the band traced to displacement of the bridging proton
||
parallel to the A-B axis [νsp ] often appeared as broadened
or as a series of distinct peaks whose centroid was used to
assign a nominal value for the frequency of this transition.
These values were found to be strongly correlated with the
difference in the (asymptotic) proton affinities of the tethered
functionalities.1–5 Here we are concerned with the spectral activity associated with the shared proton across the entire vibrational spectrum, including transitions involving both the
⊥
) perpendicA–H+ in- and out-of-plane bending motions (νsp
ular to the IPB. One aspect of particular interest is to establish
the degree to which these motions are distributed among various normal modes. In the proton-bound dimer class of complexes, such perpendicular transitions have been identified in
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the (CO2 )2 · H+ system by Douberly et al.6 on the basis of harmonic calculations, although the isotopic substitution experiments needed to confirm this assignment were not performed.
We focus on the cyclic intramolecular proton bond
(CIPB) because this class of systems offers the advantage
that the donor and acceptor moieties are embedded in a relatively rigid scaffold, and thus better isolate the intrinsic features of the IPB without complications arising from soft mode
excitation associated with the floppy character of the binary
A–H+ –B complexes studied earlier.2, 7–11 For example, extensive combination band activity involving excitation of shared
proton vibrations along with soft modes required advanced
theoretical techniques9–11 to explain the behavior of the surprisingly complex H5 + ion. The rigid scaffold chosen in this
work to isolate the CIPB is based on the 1,8-disubstituted
naphthalene derivatives shown in Scheme 1. These compounds are derivatives of 1·H+ , the familiar “proton sponge”
organic base (1,8-bis(dimethylamino)naphthalene),12–14 and
allow access to the N–H+ –O and N–H+ –F intramolecular Hbonding motifs (Scheme 1, 2·H+ −4·H+ ).
This study follows our earlier report15 focusing on compound 2·H+ , in which we quantified the presence of an
unusual internal H-bond to the ether oxygen of this geometrically constrained ester. Although it is common for the
carbonyl oxygen of an ester to engage in H-bonding, such
a strained interaction is energetically unfavorable in this
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SCHEME 1. Structures and notation for 1,8-disubstituted naphthalene
derivatives of the “proton sponge” (1·H+ ).

example. Specifically, the H-bond to the ether oxygen was evidenced by a 72 cm−1 blueshift of the C=O stretching fundamental. We noted, however, that a much more complex band
pattern was observed in the 2700–3200 cm−1 region where
we anticipate activity associated with the NH stretch of the
H-bond donor. Herein, we explore the origin of this complexity by comparing the 2·H+ behavior with that observed in the
simpler 3·H+ variation, where the role of the bridging proton
is revealed through H/D substitution. We then consider the
cause of spectral dilution of the nominal N–H stretching fundamental in the context of mechanical anharmonicity through
inclusion of couplings through third order terms in the normal
mode expansion of the potential energy surface. This analysis
is reminiscent of the picture commonly used for electronic radiationless transitions in which a “bright zero-order state” interacts with a manifold of forbidden “doorway states,”16 and
is a variant of that used to understand complex band structures in the monohydrated acetate ion.17, 18 We will show that
this treatment quantitatively accounts for much of the spectral
congestion found in both N–H+ –O systems in the context of
NH bend-stretch Fermi resonances involving a complex manifold of states that all include significant perpendicular displacement of the bridging proton.
II. EXPERIMENTAL METHODS

Compounds 2–4 (deprotonated versions of n·H+ ) were
synthesized at Johns Hopkins using the protocol described
previously.19, 20 Electrospray ionization of compounds 2–4
in HPLC grade acetonitrile with 1% formic acid was used
to prepare 2·H+ −4·H+ , which were guided by RF − only
quadrupoles and octopoles through four differentially pumped
regions (1, 0.2, 10−4 , and 10−7 Torr) to a 3D quadrupole ion
trap (Jordan, Grass Valley, CA). A PicoTip emitter (15 µm diameter, NewObjective) was used on the electrospray syringe
at the entrance of a 25 ◦ C capillary (0.76 mm in diameter).
The trap was held at ∼10 K using a closed cycle helium cryostat (Janis Research, Milmington, MA, stabilized by a 100 W
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resistive heater) and the ions were cooled by collisions with
an 80:20 mix of He:D2 or H2 at 10 psi that was introduced via
a pulsed valve (Parker Hannifin, Series 99).21 Isotopic substitution of H by D was performed using an electrospray solution of 1% formic acid-d2 (Sigma Aldrich) in methanol-d4
(Cambridge Isotopes) in a purged environment (scrubbed of
water and carbon dioxide). Tagged H2 or D2 adducts were
pulse-ejected from the trap into the Yale tandem time-of-flight
photofragmentation mass spectrometer.22
This mass spectrometer23 focuses the ion beam to intersect the output of a pulsed infrared laser (Laser Vision OPO/OPA) tunable over the 2400–4400 cm−1 range.
The signal (∼1.5 µm) and idler (∼3 µm) beams were recombined in a AgGaSe2 crystal to produce radiation in
the 600–2400 cm−1 region by difference frequency generation. Infrared spectra were recorded by monitoring production of photofragment ions resulting from loss of all
weakly bound H2 (D2 ) adducts as a function of the photon energy. These photofragments were separated from the
tagged parent ions via the secondary (reflectron) mass
spectrometer. The results are the average of 6–15 scans,
which were normalized to the laser pulse energy to account for fluctuations in laser output throughout the scanned
range. These were normalized to the most intense transitions in the separate high (2400–4400 cm−1 ) and low (600–
2400 cm−1 ) energy ranges unless otherwise stated due to the
different beam characteristics in the two laser configurations.
It is often the case that the D2 stretch of the tag is observed
(free D2 stretch = 2994 cm−1 )24 as a weak transition which
becomes active by charge-transfer in a variety of protonated
peptides.25–27 However, we have not observed this transition
in 2·H+ ·D2 and 3·H+ ·D2 , which was further verified by
the absence of a H2 stretch near 4161 cm−1 in the H2 -tagged
2·H+ spectrum. We note a negligible change in the spectrum
when the ions are complexed with two H2 molecules. Furthermore, linear action spectra were obtained below 1000 cm−1
in the multiply tagged species (i.e., 2·H+ ·(H2 )2 ) in the 2 H2
loss channel (see Figure S1 of the supplementary material).
This behavior is consistent with negligible perturbation of the
organic framework by H2 so that the action spectra reported
here accurately reflect the properties of the core ion.
III. COMPUTATIONAL METHODS

All calculations were performed using the GAUSSIAN
09 suite of programs.29 The B3LYP/6-311++G∗∗ level of
theory30 with an ultrafine grid was used for all geometry optimizations and calculations of harmonic infrared spectra. Fundamentals corresponding to CH, NH, and OH stretches were
scaled by 0.967 to match the CH symmetric stretching fundamental in 2·D+ . The CO stretches and fingerprint vibrations
below 2000 cm−1 were left unscaled. The calculated intensities in km mol−1 were divided by the frequencies of the transitions so that they could be compared with those of the linear
action spectra that are normalized to laser energy per pulse
(rather than to the photon number per pulse). Further details
concerning the anharmonic treatment of bridging proton (or
deuteron) vibrations is given in Sec. IV C 2 and in the supplementary material (Sec. IV).28
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IV. RESULTS AND DISCUSSION
A. Calculated structures

To illustrate the structural similarity of these systems,
key parameters associated with the shared proton are indicated in Figure 1 for 4·H+ (a), 3·H+ (b), and 2·H+ (c).
All three compounds adopt six-membered ring intramolecular H-bonding motifs with the bridging proton residing closer
to the N atom, thus distorting the top vertex. This asymmetry is in keeping with the lower gas-phase proton affinities
(PA) of the C-F group [599 kJ·mol−1 for CH3 F] and an sp3
oxygen atom [e.g., PA(Me2 O) = 792 kJ·mol−1 ] relative to
that of the tertiary amine [949 kJ·mol−1 for (CH3 )3 N].31 In
3·H+ and 4·H+ , the shared proton is coplanar with the naphthalene ring, while that in compound 2·H+ is calculated to
reside slightly out of the naphthalene plane, resulting in a
double minimum situation where the minima occur with the
NH rotated out of the naphthalene plane by ±3.28◦ . The N-A
(A = F or O) distances (r2 ) are indeed quite similar among
the three compounds, with the alcohol displaying a value that
is slightly smaller than the other two. The NH bond lengths
(r1 ) increase only slightly (0.01 Å) from A = F to O, again
in the direction expected for the larger proton affinities of the
oxygen acceptors. Note that the shared proton lies off of the
N-A axis by about 20◦ , and the angle of the NH bond relative
to the N-A vector is slightly reduced as the proton is pulled
toward the A groups of higher proton affinity (i.e., decreased
by 2◦ from the weakly basic F atom to the most basic ether
group in 2·H+ ).
Because the vibrational spectra are the primary observables in the present study, Figure 1 also includes the calculated harmonic spectra for the three systems to gauge the
relative strengths and locations of bands expected for the
various groups as indicated. As is typical for organic compounds in this size range, the carbonyl C=O, OH, and NH
stretches appear in uncluttered regions of the spectra and
||
dominate the higher energy region. The NH stretches (νNH ,
highlighted in red) increasingly redshift along the sequence
A = F, OH, OR and are calculated to be much (≈130 times)
more intense than those arising from the nearby CH stretches.
The calculated energy of the NH stretch for protonated N,Ndimethylnaphthalen-1-amine (the A = H compound) is inf ree
dicated by the dotted line denoted νNH . Lower in energy,
bands associated with the bending vibrations of the bridging proton are calculated to occur near 1500 cm−1 , which
lies at the upper energy range of the complicated absorptions arising from the scaffolds. Interestingly, although the
NH stretching displacement is calculated to be mostly localized to a single transition, the NH bending displacements
contribute to many of the normal modes; consequently, it is
not straightforward to assign particular bands to the anticipated in- and out-of-plane bending motions. Transitions involving normal modes containing significant perpendicular
NH displacement were identified by following which transitions were calculated to display the largest shift upon H/D
exchange at the bridging position. These are indicated in
⊥
). The bend-based transired near 1500 cm−1 (denoted νNH
tions with significant intensity all involve in-plane motion of
the bridging proton. The H and D comparison for all sys-

FIG. 1. Key structural parameters for the minimal energy structures obtained
for the three systems considered here with A = F, OCOPh, and OH shown in
(a), (b), and (c), respectively (distances in Å). Vibrational bands (calculated
at the B3LYP/6-311++G∗∗ level, stretches scaled by 0.967) most associated
with the bridging proton for both H and D isotopes are highlighted in red.
||
These include the higher energy NH(D) stretching (νNH ) and lower energy
⊥
NH(D) bending in the naphthalene plane (νNH ). The out-of-plane bend is calculated to have very little intensity. Skeletal bands associated with the naphoop
thalene ring are also indicated in color: aryl CH out-of-plane bending (νCH ,
aryl
pink), aryl CN stretching (νCN , turquoise), CF stretching (ν CF , orange), ether
ether , maroon), aryl CO stretching (ν aryl , light blue), carCO stretching (νC−O
C−O
carbonyl

bonyl C = O stretching (νC=O , blue), CH stretching (ν CH , brown), OH
stretching (ν OH , green). The dashed line indicates the position of the free NH
f ree
fundamental (νNH ) in the unsubstituted compound (A = H).

tems is available in Sec. II of the supplementary material.28
This dilution of spectral activity associated with the bending
displacements will be critical in our analysis of the anharmonic coupling to the NH stretch fundamental presented in
Sec. IV C.
B. Survey of vibrational predissociation spectra with
chemical and isotopic substitution

Figure 2 displays the evolution of the H2 (or D2 )predissociation spectra for the three compounds central to this
study as well as for an H/D isotopomer of 3·H+ . The high energy region (above 2750 cm−1 ) is expected to be dominated
by the NH stretching fundamentals, and as pointed out in our
earlier paper,15 the simple one-line spectrum of 4·H+ (upward trace in Figure 2(a)) appears very similar to that predicted at the harmonic level (inverted trace in Figure 2(a)).
This isolated and sharp transition occurs 43 cm−1 below the
scaled harmonic value calculated for the NH stretch, and the
spectrum displays very little intensity in the region of the CH
stretches. We note that part of the redshift associated with the
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FIG. 2. A comparison between the vibrational predissociation spectra previously obtained for 4·H+ tagged with 2H2 (monitoring loss of 2 H2 tags)19
(a) and that of 2·H+ (b) and 3·H+ isotopologues: 3·H+ (c) and 3·D+
(d) both tagged with D2 . The downward traces represent computed B3LYP/6311++G∗∗ harmonic spectra (scaling factors: above 2000 cm−1 : 0.967, below 2000 cm−1 : unscaled). Peaks in the experimental and computational
spectra are color coded to correspond to stretching vibrations of the colored
functional groups in the above structures. The violet band is common to all
aryl bnd 1
compounds and is associated with aryl CH bending(νCH
). The downward brown inset trace in (d) is a × 50 expansion of the calculated CH region
of 3·D+ . The green arrow in trace (d) marks the harmonic frequency of the
OD stretch, which is absent in this isotopologue.

NH stretch is due to D2 attachment at this site where, for example, we have observed 10–15 cm−1 sequential redshifts for
addition of each tag molecule in simple protonated peptides
such as GlyGly-H+ .27 Although the calculated spectrum of
the 2·H+ ester (inverted trace in Figure 2(b)) anticipates a
similar pattern to that of 4·H+ , the observed spectrum (trace
in Figure 2(b)) is much more complex as indicated by the region highlighted in red. In addition to a broad, intense feature
at the expected CH/NH (harmonic) overlap, denoted B, a second feature appears near 2800 cm−1 (denoted A) that is not
expected at the harmonic level.
We noted the complexity of the high energy region of the
2·H+ spectrum in our earlier report,15 and suggested that it
could result from the fact that direct protonation of the ether
oxygen in bare benzoate is known to cause cleavage of the
C–O bond. In that scenario, excitation of the NH+ vibration could allow the system to sample the entrance channel
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of an intramolecular analogue of this reaction, thus providing a natural mechanism for activation of modes associated
with the reaction coordinate. However, that possibility can be
eliminated when the ester is replaced by the alcohol group in
compound 3·H+ . Interestingly, the 3·H+ spectrum (Figure
2(c)) displays a similarly complex band pattern in the 2700–
3200 cm−1 region as that found for 2·H+ , again occurring
with a bimodal distribution of connected band envelopes denoted A and B. This result establishes that the spectral complexity from both N–H+ –O systems does not arise from an
intra-cluster reaction mechanism, but is rather caused by the
local mechanics of the cyclic intramolecular H-bond.
The proximity of the B feature in both 2·H+ and 3·H+
to the CH stretching fundamentals raises the possibility
that these nominally weak transitions are activated through
anharmonic couplings. To test this, we carried out an isotopic
substitution study in which a deuterium atom was selectively
placed in the bridging position, while all other hydrogen
atoms remained intact. This was accomplished by spraying
compounds 2–3 in d2 -formic acid dissolved in perdeuterated
methanol, initially on the assumption that rapid exchange
would occur predominantly at both the bridging and terminal
OH sites of 3·H+ . The predissociation spectrum of 3·H+
substituted with only one (3·D+ ) deuterium atom is shown
in Figure 2(d), and interestingly, the OH group remains intact
while the OD stretch is absent (ν OD , highlighted green in
Figure 2(d) at 2672 cm−1 ). This selective substitution at
the bridge site only occurs when the compound is sprayed
in air, presumably because the hydroxyl group undergoes
back-exchange with ambient water in the high pressure
flow through the capillary. When the ambient air is replaced
with dry air, two protons are exchanged as is evident by the
appearance of free OD (close doublet 2672 and 2687 cm−1 )
and H-bonded ND (2264 cm−1 ) stretches in the 3D·D+
spectrum presented in Figure 3(c). This selective exchange
of the dangling OH is curious and warrants further study.
We note that the asymmetric doublet associated with both
the OH and OD stretching features is dependent on the
number of D2 adducts and thus likely reflects the formation
of isomers that differ according to whether or not the D2
attaches to the hydroxyl group. A more detailed discussion of
the calculated docking sites and shifts is presented in Sec. I
of the supplementary material.28
Most importantly, both the A and B features essentially
disappear when H is replaced with D at the bridging position
to yield the 3·D+ spectrum in Figure 2(d). The latter ion displays three distinct peaks centered about 2267 cm−1 , which
are highlighted red in Figure 2(d) and occur close to the harmonic prediction for the ND stretching fundamental. In addition, like the behavior we observed in the 4·H+ compound,
the CH stretches in 3·D+ are very weak, in line with the
harmonic prediction. We were able to observe these weaker
CH transitions by increasing the laser fluence to the extent
that the stronger OH fundamental was saturated, and the resulting spectrum is displayed in the insert around 3000 cm−1
and highlighted brown in Figure 3(b). At the harmonic level,
the CH stretch activity is traced to the symmetric stretch of
the methyl groups appearing as a single band lowest in energy around 2970 cm−1 , while the asymmetric methyl and
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FIG. 3. Evolution of the spectrum of 3·H+ tagged with D2 in the stretching
region (a) as the NH and both the NH and the OH are exchanged for deuterium ((b) and (c), respectively). The two distinct regions in the NH stretching region of 3·H+ (A and B) are quenched in both isotopologues and the
weak CH stretches are revealed (brown). The CH inset in trace (b) was taken
under saturation conditions for the OH stretch (× 4 laser power). * indicates
OH stretching from a residual, mass degenerate 13 C isotopologue of 3·D+ .
Colors and labels are consistent with Figure 2.

aromatic CH stretches are both calculated to occur around
3060 cm−1 , consistent with the doublet observed at higher
energy.

C. Development of a multi-state mixing model for
spectral broadening of the NH stretching

1. Spectral distribution of the NH bending
fundamentals

The suppression of the A and B features in the 3·D+
spectrum suggests that both these features in 3·H+ are derived from the proximity of the zero-order NH stretching fundamental to background states. A natural explanation for this
would be Fermi-type mixing between the NH fundamental
and overtones of the NH bending mode, as these are often
close in energy and can strongly mix through cubic terms in
the potential function.32, 33 In simple cases such as the CH
Fermi resonances in the formate ion considered in detail
recently,33 the dominant interactions occur between the CH
stretch fundamental and both the in-plane and out-of-plane
ip
oop
bending overtones: 2νCH and 2νCH . This gives rise to three
distinct bands in the CD stretching region of the DCO2 −
spectrum that are strongly dependent on H/D isotopic substitution due to the different mass scaling of the fundamen-
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tals. In simple cases of a bend/stretch 2:1 Fermi interaction, the normally forbidden bend overtone borrows intensity
from the allowed stretching fundamental, the so-called bright
state.32, 33 Importantly, the cubic coupling term responsible for
the Fermi interaction was calculated in formate33 and experimentally observed in Cl·H2 O·(CCl4 )n clusters32 to be relatively constant even as the stretching fundamental was shifted
by several hundred wavenumbers relative to the bend overtones by differential solvation. These CH bending modes are
⊥
) vibrations in the
akin to the perpendicular shared proton (νsp
cyclic intramolecular H-bonded systems central to the present
study.1 We noted earlier, however, that many of the normal
modes near 1500 cm−1 contain significant contributions from
the bending displacements of the bridging proton. Therefore,
the mixing pattern could be much more complex as the NH
stretch will couple to all overtones and combination bands involving normal modes with significant NH bend character.
To access the degree to which the bridging proton bending motion is diluted among the normal modes in the protonated naphthalene compounds, we monitored the extent to
which the pattern of bands in the 1500 cm−1 region of the
nominal bending fundamentals respond to H/D substitution
in the bridging position. The isotope-dependent bands were
identified by subtracting the normalized spectra of the two
isotopomers to reveal bands that shift or change in intensity. Compounds 2·D+ ·D2 and 2·H+ ·D2 were chosen for
this purpose, rather than 3·H+ , because they have a proximal
C = O band (ν CO in blue in Figures 4(a) and 4(d)) that does
not exhibit any shift upon deuteration (and is indeed calculated to be unaffected) and can, therefore, be used to normalize the two spectra of the isotopomers prior to their subtraction. The top and bottom traces in Figure 4 present the spectra
of the two isotopomers, while the difference spectrum is displayed in Figure 4(b). Note that many strong transitions over
a range from 1000 to 1500 cm−1 are significantly displaced
by isotopic substitution.
To explore the origin of this dilution of NH bend displacement over many transitions, Figure 4(c) displays the difference spectrum calculated at the harmonic level. The overall pattern in the experimental difference spectrum is actually quite well captured at the harmonic level, especially the
phases of the response in the 1000 and 1200 cm−1 regions.
More important than the specific decomposition of the atomic
displacements to the various modes, however, is the observation that, although the stretching motion of the bridging
||
proton has often been identified in spectra (e.g., as νsp ), the
perpendicular motion in the systems studied here is not readily encoded in two transitions assigned to in- and out-of-plane
motions.34 In Sec. III of the supplementary material,28 we plot
the fractional contribution of the shared proton displacement
to each of the normal modes as a more quantitative index of
the distribution of NH bending.
2. Spectral implications of coupling the bright NH
fundamental to dark overtones through cubic
contributions in the ab initio potential surface

We consider a simple model for spectral broadening of
the NH stretching fundamental in 3·H+ in the spirit of the
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FIG. 4. Vibrational predissociation spectra of D2 tagged adducts of 2·H+
(a) and the experimental and calculated difference spectra ((b) and (c), respectively) between 2·H+ and 2·D+ (d). Tentative assignments are as folcarbonyl
lows: carbonyl CO stretch (νC=O ), predominant in-plane NH(D) bending
ip
aryl bnd 1
aryl bnd 2
and νCH
), aryl
(νNH(D) ), two different aryl CH bending modes (νCH
aryl

aryl

ether ). The
CO stretch (νC−O ), aryl CN stretch (νCN ), and CO ether stretch (νC−O
labeling scheme and color coding for fingerprint vibrations is discussed in
the supplementary material28 (Sec. III).

FIG. 5. Energy level diagram showing the coupling between bright and doorway states in the case of 3·D+ (a) and 3·H+ (b). In 3·D+ (a), only the ND
stretching fundamental is proximal in energy to the grey doorway states,
while in 3·H+ (b), both the NH stretching fundamental (ν NH , red) and the
weak CH stretches (ν CH , brown) mix with the grey doorway states.

low-frequency mode. At this level of approximation we neglect quartic terms. The coefficients
bend/stretch Fermi interactions discussed earlier, but which
takes into account the fact that the nominal bend fundamentals associated with displacement of the NH group now involve an ensemble of levels as revealed by the isotope study
in Sec. IV C 1. Mixing of the bright NH stretching ν = 1 level
with overtones and combination bands comprising the dark
background states could thus distribute its oscillator strength
over a plethora of discrete states. To give an indication of the
scope of the problem, Figure 5 presents a pictorial display of
the overtones and combination bands that are predicted to fall
within 1000 cm−1 of the (a) ND or (b) NH v = 1 levels. The
levels displayed were selected on the premise that they can
mix with the NH(D) stretching level through the cubic terms
in the expansion of the potential energy function
H( =

3N−6 3N−6 3N−6
1 ! ! !
kp,q,r Qp Qq Qr ,
3! p=1 q=1 r=1

(1)

where the normal coordinates (Qk ) are expressed in dimensionless units so that H( has units of cm−1 . At least one of
these normal modes will involve either the CH or NH stretch.
The other two normal modes represent the combination band
that is coupled to one of these stretch fundamentals. The combination bands may involve two quanta of excitation in modes
with frequencies that are roughly half the NH stretch frequency, or one quantum in a stretch and one quantum in a

kp,q,r ≡

∂ 3V
∂Qp ∂Qq ∂Qr

(2)

are the mixed partial derivatives for the Taylor expansion of
the potential energy surface.29 These cubic force constants
induce mixing between the NH or CH stretch fundamentals
and background states. Using a configuration interaction (CI)
treatment, we explicitly diagonalized the Hamiltonian (see
Sec. IV of the supplementary material28 ). Note that we also
included additional terms in the Hamiltonian that couple any
of the energetically proximal CH stretches to the same background states to which the NH fundamental is coupled. This
allows the weak CH stretches (at the harmonic level) to pick
up intensity through coupling to the same background states
as the NH stretch. At this level of approximation, the effect of the CH stretches on the qualitative result is secondary
but we included them in the Hamiltonian for completeness
(see Sec. IV of the supplementary material for further
discussion).28
In the present study, we included all states that mix with
the NH stretch through the cubic couplings and that fall within
1000 cm−1 of the NH fundamental as well as fundamentals
and combination bands involving the CH stretch that also fall
within this energy window. Typical large matrix elements are
on the order of 50 cm−1 , which is in line with values obtained
previously for both CH and OH bend/stretch couplings.32, 33
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A more explicit description of the calculation is included in
Sec. IV of the supplementary material.28 The energy range
of 1000 cm−1 was determined empirically by increasing this
cut-off until the resulting eigenstates were stable. Matrices on
the order of 500 × 500 were required to include all significant
contributions.
Diagonalizing the Hamiltonian matrix in the harmonic
basis yields the energies and wavefunctions, ψ, of its eigenstates (Eq. (3)),
!
!
CH CH
am,j
ϕm +
an,j ϕn ,
(3)
ψjanh = ajNH ϕ NH +
m

n

where the ϕ n are the background states, ϕmCH are the harmonic
oscillator zero-order states for the CH stretches, and j is an index for the final eigenstate. Because the transition moments
from the ground state to all ϕ n are zero (in the harmonic approximation), and those to ϕmCH are observed to be small, the
relative intensities of the transitions
various mixed lev" to #the
2
NH
, i.e., by the squares
els are simply given by PNH,j = aj
of the expansion coefficients describing the fractional admixture of the original bright state, ϕ NH .
Figure 6 presents a comparison of the spectra expected
from the procedure outlined above with the harmonic analogues to illustrate how the inclusion of cubic couplings can
change the band pattern. The upper trace in Figure 6(a) reproduces the experimental spectrum for 3·H+ , while Figure
6(b) presents the expected result after inclusion of the cubic
coupling terms with the initial vNH = 1 level taken to be the
harmonic value (3236 cm−1 , arrow in Figure 6(c)). This behavior clearly indicates that the zero-order bright state lies
above most of the states with large matrix elements, and consequently we consider how anharmonicity in the NH stretch
could affect the results.
To gauge the effect of the diagonal NH anharmonicity,
we next sequentially lowered the energy of the bright state
level through the expected range of the bend overtone activity
(≈2800 cm−1 ) with the off-diagonal matrix elements fixed. It
is important to emphasize that this assumption has been found
to be quite accurate in the OH and CH stretch cases where
the stretching fundamentals are strongly shifted by solvation,
while the background levels derived from the bending overtones are relatively unaffected.32, 33, 35
Figures 6(c)–6(g) present the evolution of the calculated spectra as the NH fundamental (red arrow) is sequentially lowered relative to the background states. Of the five
cases presented (Figures 6(c)–6(g)), it would appear that the
band patterns are most similar to the experimental result in
Figure 6(d) (NH fundamental at 3067 cm−1 ). Thus, we now
turn to a simple perturbative model to estimate the anharmonicity of the NH fundamental. This approach is based on
degenerate second-order perturbation theory, and ensures that
contributions from the cubic terms are not double-counted.
The 2nd -order correction to the energy and the 1st -order correction to the wavefunction are given by the well-known expressions provided in Eqs. (S.17) and (S.18) of the supplementary material.28 Using this approach, the NH stretch fundamental redshifts from 3236 cm−1 (unscaled) to 3067 cm−1 .
This result is very close to the 2nd order vibrational pertur-

FIG. 6. A comparison between the D2 -predissociation spectrum of 3·H+
(a) and calculated harmonic (B3LYP/6-311++G**, unscaled) (b) and anharmonic (c)–(g) spectra. Traces (c)–(g) were obtained by setting up the interaction matrix in the harmonic basis and empirically changing the frequency
of the diagonal element corresponding to the NH stretch to 3236 (harmonic
value), 3067, 2900, 2700, and 2500 cm−1 , respectively (marked by red arrows). The blue trace (d) has the best qualitative agreement with the experiment. In this case, the frequency of the NH fundamental was the value
obtained using 2nd order perturbation theory (see supplementary material,28
Eq. S.17).

bation theory (VPT2) fundamental reported by GAUSSIAN 09
(3071 cm−1 ), which includes terms coupling different modes.
When the energies from perturbation theory are used to correct the energies of the doorway states, only minor (less than
10 cm−1 ) shifts are observed. Furthermore, the first-order correction contributes 13% of the overall wavefunction of the
NH stretch, as opposed to less than 1% for most of the doorway states. These results are consistent with the reasonable
agreement between Figure 6(d) [doorway states at their unscaled harmonic values and ν NH = 3067 cm−1 (value from
perturbation theory)] and the experimental spectrum of 3·H+ .
In fact, when the mechanical anharmonicity of the bright state
and doorway states is corrected using perturbation theory,
the calculated spectrum is very similar to Figure 6(d) (see
Figure S6 of the supplementary material).28 Thus, we proceed to compute the anharmonic spectra of 4·H+ and 3·D+
by using the corrected NH (ND) fundamental from 2nd -order
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The key features in the calculated anharmonic spectra of
3·H+ and 4·H+ are systematically blueshifted from those
in the experimental spectra, which suggests that the anharmonicity of the doorway states is not fully accounted for by
our theoretical model. This points to the need for further theoretical work, e.g., including states in the matrix that arise
from higher order overtones and also including couplings between the doorway states. It would also be valuable to examine the sensitivity of the calculated spectra to the level of
electronic structure theory used to calculate the force constants. However, it is clear from Figure 7 that even the simple model Hamiltonian approach adopted here is very useful
in providing insight into the origin of the various features in
these shared proton spectra.
V. CONCLUSIONS

FIG. 7. A comparison between the experimental (upward traces) and anharmonic calculated spectra (blue downward traces) of 4·H+ (a), 3·H+ (b), and
3·D+ (c). The anharmonic spectra were obtained by setting up the interaction
matrix in the harmonic basis and changing the diagonal element corresponding to the NH stretching fundamental to its value from perturbation theory
(see supplementary material,28 Eq. S.17). In addition to the location of the
zero-order NH stretching fundamental (red arrows), key doorway states contributing to several distinct features are marked by black arrows. These inoop
ip
clude 2 quanta in NH out-of-plane (2 × νNH ), ND in-plane (2 × νND ), and
oop
ND out-of-plane (2 × νND ) bending. The distinct features of the shared proton region of 3·H+ are labeled A and B and are tentatively assigned to
2 quanta in out-of-plane and the many modes containing the in-plane bend
displacement, respectively.

Analysis of the vibrational band patterns of compounds
in the “proton sponge” family reveals large anharmonic effects in the region of NH and CH stretching fundamentals
as the proton affinity of the hydrogen bond accepting moiety is increased. These effects have been explored by D2 predissocation spectroscopy of the 2·H+ ·D2 and 2·H+ ·D2
ions and their isotopologues. Both ester 2·H+ and alcohol
3·H+ display complex structure in the region nominally associated with the NH stretch fundamental. This pattern can be
rationalized in the context of a modified bend/stretch Fermi
mixing model that includes a large number of overtones and
combination levels involving the perpendicular displacements
of the bridging proton. Inclusion of calculated cubic mixing
terms in the potential energy expansion recovers the observed
pattern of congested bands remarkably well after the diagonal anharmonicity of the NH stretch is taken into account.
A comparison of the vibrational signatures of NH stretching
in these proton sponges to other charged intramolecular Hbonded motifs such as protonated peptides will be of interest
in our future work to gauge the general applicability of this
simple cubic force constant model.
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