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Abstract

Here we analyze cryogenic ion vibrational spectra of tagged protonated formic acid (PFA) with
electronic structure and anharmonic vibrational calculations to establish the isomers generated by
electrospray ionization (ESI) followed by buffer gas cooling to ~25 K. Two isomers are identified
(the trans form (E,Z) and the cis form (E,E)) and generated in comparable abundance despite the fact that
the calculated E,E structure lies 6.40 kJ mol™!' above the E,Z form. A large (~60 kJ mol™") barrier separates
them such that the E,E form can be kinetically trapped upon cooling in the ion trap. The anticooperativity
between the H-bonds of the OH groups is explored by measuring the shift in the D,-bound OH
fundamental when a second D, is attached. Both isomers are observed in the N»>-tagged counterparts,
displaying the expected red-shifted OH bands. These results indicate that ESI generates both isomers and
both must be considered when analyzing cluster spectra based on the PFA core ion.
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While neutral formic acid (FA) is

EzZ E,E zz
known to catalyze isomerization reactions in 0 0 0
the gas phase,! its protonated form (hereafter o */‘\, Q N '/‘\’
PFA) has recently been implicated” as the key = 3 z ‘

0 6.40 O 1855

species responsible for the acceleration of

reactions in the microdroplet regime.>*>6 PFA ~ Figure 1. Geometry optimized structures of protonated
formic acid (PFA, HCO;H,") rotamers with E and Z

and related protonated species are thought to  configurations relative to the CH bond axis, obtained at the
MP2/aug-cc-pVTZ level of theory. Anharmonic ZPE
corrected relative energies (kJ mol™'), calculated at the

at the air-water interface of the microdroplet. ~ same level of theory, are displayed below the structures.

be present due to the highly acidic conditions

(pH~ -1 to 3 with droplet diameters < 1 micron).”® The three possible PFA isomers that occur by
attachment of a proton to the carbonyl group of the neutral acid are indicated in Figure 1, which feature
two OH groups that vary according to their orientations (denoted E and Z) relative to the CH bond
axis.”!® We note that another isomer has been identified!! in which both protons bind to one of the oxygen
atoms. That structure corresponds to the entrance channel of the dehydration reaction of PFA to yield
HCO", which is a particularly abundant molecular ion in interstellar space.'>!*!* An earlier study'® of the
D,-tagged PFA-(H2O)s=0.10 cluster ions focused on the speciation of the “excess proton” upon
microhydration. Analysis of the vibrational band patterns obtained using cryogenic ion spectroscopy!®
with path integral theoretical methods'”!'® indicated that the proton migrates to the water network by n=3
or 4. That study only considered the lowest energy E,Z scaffold, however, and here we revisit the PFA
isomers generated by electrospray ionization and cooled in a cryogenic ion trap using isomer-selective,
two-color, IR-IR photobleaching of D,- and N»>-tagged PFA. This study is an extension of recent work'
that focused on the structures at play in the less acidic protonated 4-aminobenzoic (4-ABA) system
(proton affinities (PA): PA4_ap4 = 865 kJ mol!, PAp, = 742 kJ mol™!), where in that case, only the E,Z

isomer was formed after cooling the nascent ions generated by ESI.

Figure 2a presents the experimental IRPD spectrum of PFA-D; in the 2800 ¢cm™ - 3800 c¢cm™!
range. The lowest energy feature near 2900 cm™ is due to the D, fundamental (labeled 6, Vp,), which is
typically activated upon attachment to OH groups.”’ Five distinct bands appear in the region that is
associated with the OH stretching fundamental, numbered 1 through 5 in Figure 2a. The nominal
frequencies of the free OH stretches for the E (cis) and Z (trans) forms of the neutral formic acid

molecule®® (denoted vE4 and v£4) are indicated by the dashed lines at the top of Figure 2.



To identify the number of
isomers present in D,-tagged PFA and
isolate their spectral patterns, we carried
out an isomer-selective photobleaching
study with the results presented in
Figure 2b-2d. Each upward going trace
was obtained by bleaching the ion
packet with the modulated pump laser
located at the transitions indicated by
color-coded arrows in Figure 2a. Three
distinct patterns (denoted I, II, and III)
are recovered, albeit with some

overlapping bands (e.g. peaks 3 and 4).

A useful clue to the assignment
of structures responsible for the three
band patterns is the separation (75 cm™)
between the two higher energy bands (1
and 2), at 3540 cm! and 3465 cm,
respectively. This is close to the splitting
(68 c¢cm™) between the E and Z OH
fundamentals in FA (vE4 and v at the
top of Fig. 2) with the centroid of the
two PFA-D; bands lying 83 cm™ below
that of the pair in FA. This suggests
assignment of bands 1 and 2 to PFA
structures with non-bonded OH groups
in the E and Z positions, respectively,
while the lower energy bands (3-5) are
associated with the Dy-bound OH
analogues. With that scheme, the I and 11
spectra both display features near band
1, as emphasized by the blue dashed

vertical line in Figure 2, indicating the
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Figure 2. a) D»-tagged vibrational spectrum of PFA with OH
stretching bands labeled 1-5. b)-d) Colored upward traces are
isomer-specific spectra obtained through modulation of
isomer populations by bleaching at the frequencies indicated
by colored arrows in a) (peak 1 bleach in cyan, peak 2 bleach
in dark blue, peak 5 bleach in pink); b) isomer I (E,E), ¢)
isomer II (E,Z configuration, D tag on Z), and d) isomer III
(E,Z configuration with D> tag on E). The splitting between
the E and Z OHs in neutral FA is indicated above trace a)
with the structures shown in the inset, and is compared to the
splitting of the free OHs in PFA-D> via black lines. See text
for explanation of band labels. Calculated local minimum
energy structures are displayed at the right, with
corresponding anharmonic spectra shown inverted under the
observed isomer-selective spectra. Shaded regions of the
modulated spectrum in c) indicate noise arising from
incomplete subtraction of intense bands from other isomers.



presence of a free E OH group. As such, the two isomers responsible for the I and II spectra differ
according to whether D, attaches to the companion E or Z OH groups, while isomer III yields band 2
which indicates that is has a free Z OH. In the case where the D, binding energies are similar in both OH
positions, this would lead to red-shifted OH bands displaced by a similar amount from the non-bonded E
and Z OH frequencies. The lower energy features in the spectra of isomers I and II, (bands 3 and 5, with
band 3 clearly overlapping with another band that is associated with isomer III) are separated by 87 cm™,
which is close to that observed (75 cm™) between peaks 1 and 2. This suggests the assignment scheme

displayed in the structures at the right of Figure 2¢ and 2d, which are indeed recovered as minimum

. L . b-D
energy structures. Hereafter, band assignments are indicated by the notation v(k) OrZZ and v(k){ic or 7>

(=1, 1I or III) that indicate whether the OH (E or Z) groups are bound (b) or free (f) and associated with
isomer pattern, k. The lowest energy OH feature in the III pattern (Fig. 2d) is the carrier of band 4, which

lies very close to that assigned to v(I)Z_D2 . This suggests that band 4 similarly arises a D,-bound E OH,

v(III)f_::_D2 . Since band 2 was already assigned to the Z OH, we conclude that the isomer III structure is

based on PFA in the E,Z configuration with the minimum energy structure displayed to the right of Figure
2d.

The calculated anharmonic spectra for the three structures are displayed inverted in Figure 2b, 2¢
and 2d. The predicted OH stretching transitions are all systematically about 30 cm™ below those observed
while the D, frequencies are all roughly 75 cm™ higher than those that are observed. In all cases, though,
the overall relative patterns are well recovered, supporting the structure assignments. The calculated
anharmonic frequencies are compared with the experimental values in Table S1 for both FA and PFA-D,

ions.

The fact that all features in the spectra can be assigned to the E,E and E,Z conformers is
consistent with the theoretical predication that the missing Z,Z structure lies much higher (~18 kJ mol™)
in energy than the E,Z conformer (see Figure 1). Isomers II and III differ according to whether the D, tag
attaches to the E or Z OH groups, and the much larger relative population of isomer III is consistent with
the anharmonic VPT2 calculations that place isomer II 0.6 kJ mol"! above isomer III (when anharmonic
zero-point energy is considered (see Table S2)). It is expected that the relative populations of these
isomers will reflect this energy difference because they are readily interconverted by bimolecular, low

energy collisions in the trap that can change the docking location of the tag?’:

E,Z-(D2)" + Dy - [E,Z-(D2)2]* - E,Z-(D2)") +D; [1]



Isomer I, on the other hand, is based on a different PFA scaffold (E,E), which is calculated to lie 6.40 kJ
mol! above the E,Z form and yet is generated with a similar population to that of isomer III, as indicated
by the relative intensities of the transitions. Note that only one D,-tagged species is generated upon
tagging isomer I since the OH groups are symmetrical. The generation of isomer I in comparable
abundance to that of isomer III is surprising, and in fact this isomer was not considered in the earlier
report!® because it lies so far energetically above the ground state E,Z form. This observation can be
rationalized, however, by the fact that the E,Z and E,E structures are separated by a large (~60 kJ mol! at
DFT:B3LYP/ 6-311+G(d,p) level of theory) barrier, and thus their relative populations likely reflect
kinetic trapping upon initial cooling in the trap.?>%*

For completeness, we recorded the isomer-selective spectra of the isomer I and III species in the

fingerprint region with the results presented in Figure S1. Both spectra are dominated by a sharp

transition traced to the asymmetric CO; stretch®® near 1680

9

cm’! that is only slightly dependent (+10 c¢cm™) on the 0%’
isomer structure (experimental and calculated frequencies a ° "
|
reported in Table S3). Yo, '_ :
AVAC: !
P “ 1 TEoH
To explore the degree of cooperativity between °j" — e
the OH groups, we followed the evolution of the bands )
b
from both E,Z and E,E scaffolds upon the addition of a ) :_:
AvEC ST T zow
second D» tag molecule. Application of this strategy to the i W bv(m)',,_pz !
E 1
E,Z form of PFA is displayed in Figure 3b, which is ’,'A‘V v},

compared with the two singly tagged species in Figure 3a

(bound Z) and 3¢ (bound E). The E,Z-(D>), spectrum was

) ) 2800 3000 3200 3400 3600 380(
isolated from that of the E,E-(D:), isomer by IR-IR Photon Energy (cm-')

photobleaching with the results displayed in Figure S2.

The E,Z-(D); is dominated by a strong doublet with a  Figure 3. a) and ¢) D>-tagged vibrational
spectra of isomer II and isomer III of PFA-

D», respectively. b) Vibrational spectrum of
difference (75 cm™) between the frequencies of the free Z e E,Z isomer of PFA-(D,),. Redshift of the

and E OH groups. The black horizontal brackets illustrate ~ free E and Z OH bands on the E,Z scaffold
upon addition of a second D tag indicated

by dashed black lines. Green dashed lines
forming the doubly tagged cluster. We note that each of  indicate the anticooperativity (AC) of the H-
bonds to E and Z OHs (AVAC or Av#©). The
splitting between the E and Z OHs for PFA-
displaced above their singly tagged analogues by ~25 cm™  (D,), is indicated by the inward facing

splitting (72 cm™) that primarily reflects the intrinsic

the displacements of the free Z and E OH oscillators upon

the bound OH bands in the doubly tagged species is

arrows in trace b. Shaded regions of the
modulated spectrum in b) indicate noise
arising from incomplete subtraction of
6 intense bands from other isomers.

!, which reflects the degree of anticooperativity (AC)



between the two distant OH groups (this effect is denoted by AvZ¢and AvZC in Figure 3). This occurs

when attachment of the second D> acts to slightly weaken the original hydrogen bond to the first tag, so

both D,-bound OHs are blueshifted in the double D,-tagged ternary complex compared to the bound OHs

in the singly tagged complex. We also explored the evolution of the OH bands upon adding a second tag

to the E,E isomer with the results presented in Figure S2 (frequencies reported in Table S4), which is,

dominated by a single OH feature in this symmetrical complex.

This is captured in the calculated

anharmonic spectrum (see Figure S3), where intensity in the out-of-phase OH stretching vibration is an

order of magnitude larger than the in-phase stretch. In contrast, on the basis of VPT2 calculations, the

two OH stretching vibrations in isolated PFA are expected to have comparable intensities.

enhancement of the intensity of the out-of-
phase stretching motion in the ternary
complex reflects the fact that this vibration
drives the system toward a complex between
HD," and a neutral formic acid molecule that
retains the second D,. This results in a large
change in the charge distribution depending
on the phase of the vibration, and is
analogous to the large intensity of the out-of-
phase OH stretching vibration when a
hydronium ion is complexed with two water

molecules.?*

We next turn to the degree of
deformation of the PFA scaffold upon
attachment of a more strongly bound tag, N».
The IRPD spectrum of the PFA-N; cluster is
displayed in Fig. 4a. The two bands highest
in energy appear very close to those assigned
to the free E and Z OH groups in the D,-
tagged spectra, indicating the formation of at
least two isomers. A third strong band near

3100 cm™! appears about 230 cm™! below the

D>-bound OH (vg_Dz) bands with a weaker
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Figure 4. a) Single laser vibrational spectrum of N-
tagged PFA, b) spectrum modulated by bleaching at the

free Z OH (v; ) transition (orange arrow in a)), and c)

spectrum modulated by bleaching at the free E OH (vg )
transition (red arrow in a)).Calculated minimum energy
structures are displayed at the right, with corresponding
anharmonic spectra shown inverted under the observed
isomer-selective spectra. The intensity of the peak
labeled * in the calculated spectrum of trace b) is
amplified by 5x to ease visualization.
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interloper (labeled * in Figure 4a).

Isomer-selective spectra are displayed in Fig. 4b and 4c that correspond to photobleaching at the
energies of the free E and Z bands (downward arrows in Fig. 4a.). The observed spectrum is recovered by
two distinct patterns, indicating that two isomers are present as expected, with free OH transitions
assigned to the E and Z orientations. Note that the (*) band in the non-selective spectrum (Figure 4a) is
associated with the isomer that is responsible for the free Z OH band and likely arises from anharmonic
couplings between the OH oscillator that is bound to the N», and the intermolecular N»>-PFA vibration
(which has a harmonic frequency of 190 c¢cm™). The empirical assignments of structural motifs are
supported by the calculated minimum energy structures indicated at the right of Figure 4. The two
isomers are variations of the I and III structures observed in the D,-tagged PFA spectra with similar
relative populations as evidenced by the intensities of the 1/(1)2_1\]2 and v(III)Z_N2 transitions. This
behavior shows once again that the higher energy E,E isomer is present in the ion ensemble cooled in the
trap. Note that we could not find evidence for the N,-tagged variant of isomer II in the PFA-D, system,
which was least abundant of the three. The fact that it is missing in the N»-tagged ensemble is readily
explained, however, by the bimolecular collision interconversion process (Eq. [1]) that is operative
between the II-IIT isomers. Because of the larger energy separation between II and IIT (2.15 kJ mol”!, see
Table S2) in the more strongly bound N case, the equilibrium population of II in an ensemble

equilibrated at 20 K is expected to be dramatically suppressed (<< 1%).

With the isomer structures in hand, it is useful to consider the red shift in the context of general
propensities reported earlier’! in which the frequency of the proton shared between two bases is correlated

with the difference in their proton affinities (PA) (PAp, = 410 kJ mol!, PA N, =494 kJ mol ™). Note that
the large red-shift of the N,-bound OH (VSI;NZ) occurs while the spectator, non-bonded E and Z OH

groups (v(I )g and v(II] )}Zc) are largely unaffected. This indicates that when non-bonded, the two OH
groups in the E,Z configuration are essentially uncoupled. We also obtained the spectrum of the PFA-
(N2)2 cluster with the result displayed in Figure S4. The doubly N»-tagged system exhibits very similar
behavior to that displayed by the PFA-(D.). cluster discussed above, consisting of a strong doublet traced
to the bound E and Z OH groups, with the E OH higher in energy (all frequencies reported in Table S5).

Isomer-selective, cryogenic ion vibrational predissociation spectra of the D»-tagged protonated
formic acid cation reveal the formation of two core structures after cooling the ions generated by
electrospray ionization to about 20 K in a Paul ion trap. The isomers correspond to the species with two
OH groups such that one occurs with both OH groups oriented toward the CH bond (cis, E,E) while in the
other, one is toward (E) and the other away (Z) from the CH (trans, E,Z). Both are generated in

8



comparable abundance despite the fact that the E,E isomer is calculated to lie 6.40 kJ mol! above the E,Z
global minimum structure. Both PFA isomers are also observed in spectra of the N»-tagged ion. This
behavior is traced to the large barrier separating the isomers such that the higher energy isomer can be
kinetically trapped upon buffer gas cooling. Establishing the species at play upon ESI generation of PFA
thus clarifies the structures that contribute to reaction mechanisms invoked to rationalize the acceleration
of reactions in the microdroplet regime.

METHODS
Experimental protocols

D, and N> predissociation spectra were recorded on the Yale triple focusing photofragmentation
time-of-flight (TOF) mass spectrometer that has been described previously.?>?! Pure formic acid was
purchased from Sigma Aldrich with no further purification. lonic species were generated via electrospray
ionization (ESI) of a 10% aqueous formic acid solution in a humidity-controlled chamber. ESI ions were
transferred through a series of differential pumping stages via radio frequency ion guides to a temperature
controlled, 3D (Paul) ion trap operated from 5 K — 40 K. A buffer gas pulse containing He doped with a
tagging gas (D, or N>, 20%) was introduced to the 20 K trap with a duration of about 20 ms. Collisions
with the He gas thermalize the ions to the temperature of the trap on a ms timescale?>?* and the inert
tagging gas condenses onto the ions during the cooling process. The tagged ions were then ejected from
the Paul trap into the TOF photofragmentation mass spectrometer after being stored in the ion trap for

~90 ms.

Routine vibrational spectra were obtained over the 1000 cm™ — 4000 cm™ range by excitation
with IR radiation from a LaserVision OPO/OPA (5 ns, 2-20 mJ/pulse) at a transient focus of the TOF.
Absorption of a single resonant photon results in the loss of the weakly bound tags so that the infrared
photodissociation (IRPD) spectra are obtained in a linear action mode. Isomer-specific vibrational spectra
were obtained using a two color IR-IR photobleaching scheme.?* In that method, a second 5 ns
pulsewidth “bleach” laser intercepts the TOF ion packet at another transient TOF focus located before the
scanned laser that generates the IRPD spectrum. The bleach laser is fixed at a transition frequency
corresponding to a particular isomer and pulsed on at every other cycle of the 10 Hz experiment. The
isomer-specific spectrum is then recovered by recording the “bleach on” - “bleach off” modulated

photofragment signal from the scanned laser.
Theoretical calculations

All electronic structure calculations were performed using the Gaussian 16 program package? at

the MP2/aug-cc-pVTZ level of theory/basis set. The coordinates of the optimized geometries are



provided in the Supplementary Materials. Anharmonic frequencies and intensities were obtained using the
implementation of vibrational perturbation theory (VPT2) that is incorporated in the Gaussian program
package. To facilitate comparisons with the measured spectra, where the ion signal is divided by the laser
power, the calculated intensities also need to be divided by the energy of the transition as explained in

detail earlier.?®
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