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The molecular structure of a catalytically active key intermediate is
determined in solution by employing 2D IR spectroscopy measur-
ing vibrational cross-angles. The formate intermediate (2) in the
formic acid dehydrogenation reaction catalyzed by a phosphorus–
nitrogen PN3P–Ru catalyst is elucidated. Our spectroscopic studies
show that the complex features a formate ion directly attached to
the Ru center as a ligand, and a proton added to the imine arm of
the dearomatized PN3P* ligand. During the catalytic process, the
imine arms are not only reversibly protonated and deprotonated,
but also interacting with the protic substrate molecules, effec-
tively serving as the local proton buffer to offer remarkable sta-
bility with a turnover number (TON) over one million.

formic acid dehydrogenation | vibrational cross-angle method |
intermediate molecular structure

Identifying molecular structures of reaction intermediates is
often the key to elucidate reaction mechanisms, which are in-

dispensable for rational designs and optimization of catalytic
systems in broad areas, including medicinal chemistry, industrial
processes, and material science (1, 2). One of the most ideal
approaches to study reaction intermediates is to first capture and
then isolate them. In practice, however, reaction intermediates
are often metastable and short-lived, making them very difficult
or even impossible to isolate. It is challenging to resolve the
molecular structures of these transient species in situ with tra-
ditional structural tools like X-ray crystallography and NMR
techniques, due to their inherently low temporal resolutions.
Two-dimensional IR (3–6), an ultrafast analog of 2D NMR,
holds great promise to resolve structures of these transient
species. It has been demonstrated that ultrafast dynamic and
structural information can be obtained from 2D IR measure-
ments for equilibrium systems and phototriggered reactions (7–
15). However, the majority of chemical reactions on which most
organic chemists work on a daily basis are thermally driven re-
actions. Their transient intermediates are yet to be explored by
ultrafast laser spectroscopy. In this work, we apply a specially
designed multiple-mode 2D IR technique that provides suffi-
ciently high excitation power for resolving very weak vibrational
cross-angle signals in reacting systems, to solve in situ the fast
fluctuating conformation of a transient intermediate in a ther-
mally driven reaction. The method relies on the fact that the
ultrafast (femtosecond) resolution of the technique allows the
determination of individual rapid-switching conformation rather
than the average structure offered by a technique with temporal
resolution slower than the switching dynamics.
The selective hydrogen generation reaction from the de-

composition of formic acid catalyzed by a PN3P*–ruthenium
pincer complex is chosen as the model reaction system (Fig. 1A)
(16). Although hydrogen gas is considered to be an ideal fuel
(17–22), using high-pressure gas tanks, the currently most

practical method to store H2, raises serious safety concerns in
addition to low volumetric capacity. Formic acid (FA), a non-
toxic and nonflammable liquid that could decompose reversibly
into H2 and CO2 (CO2 + H2 = HCOOH), has been proposed as
a hydrogen energy carrier (23–26). The forward and backward
reactions together form a cycle of hydrogen storage and gener-
ation: In H2 generation plants H2 can be converted into FA for
storage and transportation, and in places where H2 is needed,
FA can be decomposed into H2 (27, 28). Notably, FA has a
relatively high volumetric hydrogen capacity: 53 g H2/L, corre-
sponding with an energy density of 1.77 kW·h/L, making it a
promising on-board storage solution for vehicles (29–33). Un-
surprisingly, many research efforts have been devoted in de-
veloping both homogeneous and heterogeneous catalyst systems
for the generation of H2 from FA (24, 25, 33–58). However,
when considering industry feasibility, many current catalytic
systems face several challenges. Firstly, FA can decompose into
either H2 and CO2 or H2O and CO. The generation of CO
cannot be avoided in many catalytic systems, and even a trace
amount of CO generated could be fatal to the hydrogen fuel cells
downstream. Secondly, the typical turnover numbers (TONs)
achieved by those catalysts are not sufficiently large, often due to
their sensitivity to air, water, and/or other impurities. Only a
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handful of examples of high TONs > 1,000,000 were reported
(55, 58–61).
Our PN3P*–ruthenium pincer system can selectively generate

hydrogen under mild conditions with no detectible CO. The
highest turnover frequency (TOF) of >38,000 h−1 and TON of
more than one million are achieved. Furthermore, the catalyst is
air-stable and no noticeable catalytic activity loss was observed
after aging in air for 1 mo (16). These properties are highly
desirable in practical applications. In an effort to gain further
insights into the unprecedented stability, we utilize 2D IR
spectroscopy as a powerful tool to identify the molecular struc-
ture of an important intermediate in this highly efficient and
promising catalytic reaction. The structure and conformation of
the reaction intermediate (2) is determined, and the stability of
our catalyst is rationalized together with density-functional
(DFT) calculations.

Results and Discussion
NMR and FTIR Spectroscopies Support the Formation of a Ru Formate
Complex (2). The catalytic system is first investigated with both
NMR and FTIR spectroscopies. As we reported earlier (16), the
comparison of the 1H NMR spectra before and after addition of
FA shows the generation of a species (Fig. 1B) that we ratio-
nalize to be a ruthenium formate complex. The three chemical
shifts at δ 5.58 (d), 5.95 (d), and 6.86 (t) ppm for the three hy-
drogen atoms on the 3, 5, 4 positions of the pyridine ring, re-
spectively, are typical for an unsymmetrical, dearomatizated
pyridine ring. After adding FA (Fig. 1B, Lower), the proton
signals shift downfield to δ 6.33 and 7.27 ppm. The two peaks at δ
5.95 ppm and 5.58 ppm in Fig. 1B (Upper) merge into the one
that appears at δ 6.33 ppm. The area of this peak from these
protons is now twice that of the peak at δ 7.27 ppm from the
third proton on the same pyridine ring. In other words, two of
the three protons on the pyridine ring become equivalent, in-
dicating a Cs symmetry. Furthermore, the integration of the peak
at δ 8.18 ppm for the NH groups is now twice that of a single H,
clearly indicating that the imine group is protonated, resulting in
a symmetrical and aromatized pyridine ring. Such a dearomati-
zation/rearomatization process of the central pyridine ring
through deprotonation/reprotonation of one of the N-H arms of
the pincer complexes has been demonstrated to be a key step in
the metal–ligand cooperative catalysis for a class of PN3(P)–
pincer systems (62).
The FTIR spectra shown in Fig. 2 feature five groups of bands

between 1,350 and 2,250 cm−1, each identified and attributed to
five vibrational modes in the reactant or the catalyst, denoted as
v1 to v5, and the corresponding modes in the additive complex,

denoted as v1′ to v5′. The assignments of these vibrational modes
are listed in SI Appendix, Table S1. Herein, each mode will be
briefly discussed, and they will be further interrogated in 2D IR
spectroscopy to determine the structure and conformation of the
catalyst/HCOOH complex, as elaborated in the next section.
First, the small absorption band at 2,113 cm−1 in Fig. 2 (Inset)

(v1) belongs to the Ru–H stretch. As expected, such a feature is
absent in pure HCOOH. In the catalyst/HCOOH mixture,
however, its frequency decreases to 2,063 cm−1 and became v1′.
The large redshift indicates that the Ru–H bond becomes
weaker, which is expected when adding another trans ligand to
the Ru center.
Second, the major absorption band at 1,940 cm−1 (v2) is at-

tributed to the carbonyl ligand that is directly attached to Ru.
With addition of HCOOH, its corresponding frequency in v2′
increases for ∼15 cm−1. Such a blueshift indicates a modest
strengthening of the C≡O bond and therefore a weakening of the
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Fig. 1. (A) The decomposition of FA catalyzed by a PN3P*–pincer catalyst (1), the reactions going through a key intermediate (2); (B) 1H NMR spectra of the
catalyst 1 (Upper) and a mixture of the catalyst and FA (Lower), both in the solution of DMSO-d6.
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Fig. 2. FTIR spectra of the catalyst (red), the reactant (blue), and the mix-
ture (black) in the frequency range from 1,200 to 2,400 cm−1. (Inset)
Zoomed-in FTIR spectra for the vibrational mode of Ru–H stretch in the
catalyst and the reaction mixture (v1 and v1′), respectively.
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metal–ligand interaction, which is again consistent with the no-
tion of another ligand attaching to the Ru center.
Third, the major absorption band at 1,720 cm−1 (v3) belongs to

the C=O stretch from HCOOH. As expected, no such feature can
be found on the catalyst itself. Interestingly, its corresponding
frequency (v3′) remains virtually the same upon the formation of
the complex. Such a frequency is very different from the carbonyl
stretch in a free formate, where the C=O stretch mode would be
completely delocalized on two oxygens and move to a much lower
frequency (e.g., ∼1,620 cm−1 in sodium formate). The observed
little-to-none frequency shift is consistent with formate binding as
a ligand through a single Ru–oxygen bond, so that C=O remains
largely localized. The lack of the frequency change further sup-
ports our conclusion that formate ion, rather than FA, serves as
the ligand. If FA binds to Ru, it should be the oxygen of the C=O
bond rather than the OH bond that attaches to Ru, which would
immediately change the C=O vibrational frequency.
Lastly, the absorption bands at 1,450 cm−1 (v4) and 1,615 cm−1

(v5) undoubtedly belong to the symmetric and antisymmetric
vibrational modes of the pyridine ring on the pincer ligand, re-
spectively. Both v4 and v4′, and v5 and v5′ strongly overlap with
each other. Apparently, they are not significantly affected by the
formation of the complex. Consistent with the NMR results,
FTIR spectra suggest that a formate ion, instead of a free FA, is
bound to the Ru center as a ligand in the complex.
Although the above experimental observations are in good

agreement with the formation of complex 2 with two NH arms and
a formate ligand attached to Ru, they are not definitive and they
do not provide information on the geometry which is critical for
the understanding of reaction mechanism but fast fluctuates at the
time scale of a few picoseconds (manifested by the anisotropy
decay in Fig. 3C). During the catalytic reaction, 2 is observed as a
transient species, and thus attempts to isolate 2 are in vain.
However, as 2 is ligated by a well-defined and rigid PN3P–pincer
ligand, and the IR bands for the rest of three ligands, namely Ru–
H, R–CO, and formate, are well distinguishable, 2D IR technique
becomes suitable to elucidate the molecular structure of 2.

Molecular Structure of Complex 2 Determined by 2D IR. In principle,
the relative cross-angle between any two vibrational modes can be
determined by measuring the anisotropy of the vibrational coupling
between the two modes, i.e., the cross-peak in 2D IR spectroscopy if
the instrument sensitivity is high enough. Briefly, the cross-peak
measurement is illustrated in measurement schematic Fig. 3A. For
example, the carbonyl stretch mode (v2′) on the catalyst is resonantly
excited by a linearly polarized narrow-band IR pulse at about
1,955 cm−1 (ω1 in Fig. 3B). Because of anharmonic coupling, the

excitation of v2′ shifts the frequencies of other vibrational modes
connected to it. The frequency change of the C=O vibrational mode
(v3′) of formate caused by the excitation of v2′ is detected by another
linearly polarized broad-band IR pulse from 1,610 to 1750 cm−1

after a period of waiting time of 0.1 ps. A 2D IR spectrum is plotted
as the difference in the absorption of v3′ with v2′ excited and un-
excited. The 2D spectrum in Fig. 3B features a cross-peak pair be-
tween vibrational modes v2′ and v3′ with the detection beam
perpendicular to the excitation beam. A blue peak at ω3 = 1,675  cm−1

appears underneath a red peak at about 1,725 cm−1. The red
peak represents the vibrational absorption reduction at about
1,725 cm−1 caused by the v2′ excitation, while the blue peak
shows the vibrational absorption increase at about 1,675 cm−1.
The results indicate that the vibrational excitation of the car-
bonyl stretch mode (v2′) of the catalyst shifts the C=O vibra-
tional mode (v3′) of formate from about 1,725 cm−1 to about
1,675 cm−1. The frequency shift of ∼50 cm−1 is much larger than
that (∼6 cm−1) of a vibrational pair bound through a H bond
(63), suggesting that the binding between formate and the cat-
alyst is even stronger than a typical H bond. Although the
quantitative correlation between the anharmonicity shift and the
interaction strength of vibrational pair is yet to be established,
previous experimental observations suggest that a stronger in-
teraction typically produces a larger frequency shift (64–70).
More importantly, the signal amplitudes of the cross-peaks in

2D IR depend on the relative polarizations of the excitation and
detection pulses and the directions of transition dipole moments
of the involved vibrational modes (66, 71). For an isotropically
distributed sample within the laser focus spot (diameter ∼
150 μm), the vibrational cross-angle between the transition di-
pole moments of the involved vibrational modes can be directly
determined using the equation (72, 73)

I⊥
I==

=
2− cos2 θ

1+ 2cos2 θ
, [1]

where I⊥ and I// are the signal intensities for parallel and per-
pendicular measurements, respectively, taken at very short wait-
ing times before any molecular rotation or conformational
changes can happen for a substantial extent. The vibrational
cross-angles can then be converted into 3D molecular conforma-
tions (66). To exclude the interference from the free catalyst and
FA in the mixed system, all signals are collected from exciting
vibrational modes on the catalyst part of the complex and detect-
ing the responses on the formate part, or vice versa. The time-
dependent polarization-selective signals for different vibrational

Fig. 3. Cross-peak measurements for vibrational mode pairs. (A) Illustrations of the cross-angle vibrational coupling measurement method for vibrational
modes carbonyl stretch (v2′) and C=O stretch (v3′). The t-butyl groups have been omitted for clarity. (B) The 2D spectrum of the cross-peak for v2′ and v3′ at a
waiting time of 0.1 ps. (C) Plots of the polarization-dependent cross-peak intensities with the polarization of the excitation beam parallel (//) and perpen-
dicular (⊥) to the polarization of the detection beam, respectively. (Lower) Enlarged figures of the early waiting time signals labeled on the upper panels.
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mode pairs are displayed in Fig. 3C. The signal dynamic time
constants are within 10 ps. This fast decay is most likely because
of the wobbling of formate of the complex, because the complex
is too bulky to rotate so fast and intermolecular energy transfers
should be much slower (74). The cross-angles between vibra-
tional mode pairs are listed in Table 1, which are derived from
the signal intensities by applying Eq. 1 (75).
It is important to note that some vibrational modes involved in

the above measurements are delocalized in the complex; the
direction of the transition dipole moments of the vibrational
modes are closely related to, but not necessarily the same as,
those of the chemical bonds. There is no direct method to
identify a conformation from a set of vibrational angles. How-
ever, the reverse can be achieved; each conformation must fea-
ture a unique set of vibrational cross-angles, which can be
calculated individually using ab initio method (66). We therefore
define the most likely conformation as the one that minimizes
the overall difference between the experimental and calculated
vibrational cross-angles, according to the following equation:

Er =

Pm

i=1

�
�AC

i −AE
i

�
�

m
, [2]

where Er is the averaged deviation value; AC
i is the calculated

vibrational cross-angle of the ith pair of vibrational normal
modes of a certain molecular conformation; AE

i is the experimentally

obtained vibrational cross-angle of the ith pair of normal modes
(as listed in Table 1); the absolute sign represents the difference
between the two angles in the circular fashion; and m is the num-
ber of pairs compared.
For this complex particularly, we explore the conformational

space by rotating the formate along the two single bonds: the
Ru–O1 bond that connects the metal center and ligand, and the
C2–O2 bond next to the Ru–O bond. These two degrees of
freedom are essentially the tilt angle and twist angle of the for-
mate ion relative to the pyridine ring. In total, we search 576
possible conformations by varying the dihedral angle C1(CO)–
Ru–O1–C2 from −5° to 175° for every 10° and Ru–O1–C2–O2
from 1° to 351° for every 10°. The vibrational cross-angles for
each conformation are calculated and then compared with the
measured one according to Eq. 2. The Er values are plotted in
Fig. 4A. The minimum Er value is found at the dihedral angles
(Ru–O1–C2–O2, C1–Ru–O1–C2) (321°, 155°) at the northeast-
ern corner of the map. The corresponding conformation of the
catalyst/formate complex is displayed in Fig. 4B.

Insights from the Conformational Analysis. The molecular structure
of formate species 2 determined by the 2D IR is very intriguing,
because DFT calculations indeed suggest a different structure as
the global minimum (2′) among all conformers (Fig. 5). Both
structures show similar PN3P–pincer framework but different
orientation of the coordinated formate group. Structure 2′ was
computed to be 1.2 (3.8) kcal/mol more stable than 2 [energy in
the Polarizable Continuum Model (PCM) in parentheses; see SI
Appendix for details], presumably due to the relief from the
electron–electron repulsion between the formate ligand and the
pyridine ring. These observations strongly suggest the existence
of certain driving force to allow complex 2 to stay in an appar-
ently more strained conformation.
In light of the 2D IR structure, our hypothesis is that there

may be a protic molecule (H2O or HCOOH) bridging the car-
bonyl oxygen of the formate ligand and the proton of one of the
N-H arms. To our delight, the fully optimized structure of
complex 2 containing either one water molecule (2-W) or one
FA (2-FA) shows a very similar geometry of the formate group to
that of 2 (Fig. 6). Moreover, the formation of 2-W and 2-FA is
found energetically favorable by 6.5 (8.6) (compared with 2′ and
H2O, energy in the PCM in parentheses; see SI Appendix for
details) and 4.8 (9.6) kcal/mol (compared with 2′ and HCOOH),
respectively. These findings imply that the N-H arms of the PN3

P–Ru catalyst can play a role to interact with the protic mole-
cules in the reaction mixture in addition to mediating the dear-
omatization/rearomatization of the central pyridine ring for FA

Fig. 4. Determine the conformation of complex 2. (A) The difference (Er)
between experimental and calculated vibrational cross-angles for 576 pos-
sible conformations of with different Ru–O1–C2–O2 and C1–Ru–O1–C2 di-
hedral angles. The z axis is the value of Er shown in a color map. (B) The most
stable conformation (red circle in Fig. 4A) from different views. The butyl
groups are omitted for clarity.

Global minimum (2’) 2D IR (2)

Fig. 5. Comparison of the global minimum (2′) and “optimized” 2D-IR (2)
structures of complex 2. Key geometrical parameters (Å and °): 2: Ru–C1
1.847, Ru–O1 2.259, Ru–P1 2.330, C1–Ru–O1–C2 147.53; 2′: Ru–C1 1.858,
Ru–O1 2.235, Ru–P1 2.341, C1–Ru–O1–C2 −3.50. The butyl groups are omitted
for clarity.

Table 1. Vibrational cross-angles experimentally determined

Cross-peak Modes Angle, θ

I v′1/v′3 57° ± 4°
II v′2/v′3 45° ± 5°
III v′3/v′4 45° ± 6°
IV v′3/v′5 51° ± 9°

12398 | www.pnas.org/cgi/doi/10.1073/pnas.1809342115 Zhang et al.
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decomposition and hydrogen generation processes. The for-
mate–water (FA)–NH ring structure (2-W and 2-FA) is very in-
teresting and may be one important reason responsible for the
excellent stability of the catalyst. It forms an effective polar
screen on the top of the N1 and P1 atoms, which can reduce their
probability of being attacked by ions or polar molecules, e.g.,
protonated water, and thus minimize the decompositions of the
N–P and P–Ru bonds. We want to emphasize that the formate–
water–NH hydrogen and formate–FA–NH hydrogen bonds
proposed here are only representative examples to form such a
ring structure. The water or HCOOH molecule can be any protic
species in the reaction.

Concluding Remarks
In summary, we have demonstrated that the structure of a key
reactive intermediate in a thermally driven hydrogen generation
reaction can be resolved by 2D IR spectroscopy using the ul-
trafast vibrational cross-angle method. The results from the ul-
trafast vibrational measurements and NMR results suggest that
the NH arms of the PN3P–pincer Ru catalyst indeed interact
with the protic environments, namely playing a role as the local
buffer. This may facilitate the reaction by stabilizing the additive
complex and also significantly reduce the chance of free proton
directly attacking the metal center and other coordination atoms,
minimizing decomposition of the catalyst. These are likely the
contributing factors for this catalytic system with high reactivity
and stability, as evident in its high TOF and TON values. Very
importantly, our work demonstrates that the high-powered ul-
trafast vibrational cross-angle measurement holds great promise
to resolve the transient intermediate structures in situ, which are
difficult to study with traditional techniques due to their fast
dynamics, and this technique holds a great promise for mecha-
nistic study in catalysis.

Materials and Methods
Synthesis and Sample Preparation. RuPN3P was synthesized by adding a so-
lution of Ru1 (47 mg, 0.05 mmol) in THF (10 mL) dropwise to a ligand tBu2PN

3P
(20 mg, 0.05 mmol) in THF (4 mL) and heated at 65 °C for 12 h. RuPN3P
(281.6 mg, 0.5 mmol) was dissolved in THF (4 mL). A solution of KOtBu
(56.0 mg, 0.5 mmol) in THF (4 mL) was added to it and the reaction mixture
was stirred at room temperature for 2 h. The solvent was then removed
under vacuum and washed with hexane (1 mL × 3) and dried under vacuum
to obtain the catalyst. All reactions were conducted under argon protection.
FA was purchased from Sigma-Aldrich and used as received. For the FTIR and
vibrational cross-angle measurements, catalyst 1 and FA were mixed with a
molar ratio of 1:4 and sealed in a cell with CaF2 windows. During the ultrafast
spectroscopic measurements, hydrogen was constantly generated from the
decomposition of FA. More experimental details are provided in SI Appendix.

NMR Experiments. For 1H-NMR and NOESY experiments, HCOOH (1.62 mg)
was added into a DMSO-d6 (0.5 mL) solution of 1 (20.2 mg) in a screw-capped
NMR tube at room temperature. Reaction was observed by visual inspection.

Optical Experiments. The optical setup used is described in detail in our
previous publication (66). The oscillator provides the same seed pulse for a
picosecond (ps) amplifier and a femtosecond (fs) amplifier (UpTek Solution
Corp.) which are synchronized. The ps amplifier pumps an optical parametric
amplifier to produce ∼0.8 ps (would vary from 0.7 ∼0.9 ps in different fre-
quencies) mid-IR pulses with a bandwidth 10 ∼35 cm−1 in a tunable fre-
quency range from 400 to 4,000 cm−1 with energy 1∼40 μJ/pulse (1∼10-μJ/pulse
for 400–900 cm−1 and >10-μJ/pulse for higher frequencies) at 1 kHz. The
bandwidth is narrower at a longer wavelength. At 2,000 cm−1, the band-
width is about 18 cm−1. The detailed characterization of the outputs of the
laser systems can be found in our previous work (73). This ps IR pulse is used
as excited pulse in the cross-coupling experiments. The fs amplifier is used to
generate a high-intensity mid-IR and terahertz supercontinuum pulse with a
pulse duration around 110 fs in the frequency range from <20 to >3,500 cm−1 at
1 kHz, and the shot-to-shot fluctuation is less than 1% in most of the spectral
region. This supercontinuum pulse is used as the detection pulse, which is
frequency-resolved by a spectrograph. More details are provided in SI Appendix.

Theoretical Computations. Computations on nonmetal elements were per-
formed by employing the program suite Gaussian 09, using DFTwith Truhlar’s
hybrid metaexchange-correlation functional M06 (76) in conjunction with a
6–31G(d,p) basis set. For Ru atom, Stuttgart–Dresden effective core poten-
tials (77) were used. To generate all of the possible structures, we preset 576
possible conformations for intermediate 2 by varying the dihedral angle C1–
Ru–O1–C2 from −5° to 175° for every 10° and Ru–O1–C2–O2 from 1° to 351°
for every 10°. Each structure with different pair of dihedral angles fixed is
optimized under the computational method described above. The opti-
mized structures of 2, 2′, 2-W, and 2-FA were characterized by frequency
calculations. Solvent effects were estimated by performing a single point
calculation at the same level of theory using the PCM with the integral
equation formalism variant (78) in H2O (a continuum solvent dielectric of e =
78.3553) and DMSO (a continuum solvent dielectric of e = 46.826).
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