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Abstract: Strong coupling between vibrational transitions in molecules within a resonant optical micro-
cavity leads to the formation of collective, delocalized vibrational polaritons. There are many potential 
applications of “polaritonic chemistry,” ranging from modified chemical reactivity to quantum information 
processing. One challenge in obtaining the polaritonic response is to remove a background contribution 
due to the uncoupled molecules that generate an ordinary 2D-IR spectrum whose amplitude is filtered by 
the polariton transmission spectrum. We show that most features in 2D-IR spectra of vibrational polari-
tons can be explained by a linear superposition of this background signal and the true polariton response. 
Through a straightforward correction procedure, where the filtered bare molecule 2D-IR spectrum is sub-
tracted from the measured cavity response, we recover the polaritonic spectrum.  
 
Strong coupling between electronic states of matter and resonant optical cavities has played a key role in 
the development of novel states of quasi-particles, such as Bose-Einstein condensation1 and lasing in ex-
citon-polaritons.2-3 Very recently there has been a sharp growth in chemical applications of strong cou-
pling, led by the discoveries of Ebbesen et al. that chemical reactivity can be altered by vibrational strong 
coupling.4-9 Infrared spectroscopy of vibrational strong coupling offers direct access to the polaritonic 
states, and ultrafast pump-probe or 2D spectroscopy enables determination of relaxation and dephasing 
in these novel hybrid light-matter states.10-20 The promise of cavity controlled chemistry is sufficiently 
great that intense investigation is clearly warranted.21-32  
 When N molecules are resonantly coupled to a cavity mode, the eigenstates of the composite 
system consist of two highly delocalized, collective states that carry both photonic and matter character.33-
34 These polaritons are separated in energy by the so-called vacuum Rabi splitting, which is proportional 
to the scalar product of the transition dipole moment and the cavity wave vector, as well as the square-
root of the number of molecules in the cavity. In addition, there are N-1 “dark” states, that resemble the 
uncoupled molecules (also referred to as the “bare molecules” to indicate a cavity-free condition). Be-
cause the cavities required to support a mid-IR wavelength are at least λ/2, N is typically very large (>1010), 
leading to a large number of dark states relative to the two polaritons. However, the polaritons have a 
very large oscillator strength due to the participation of N molecules and the cavity mode. A quantitative 
description of the interaction of the polaritons and the dark states is central to understanding vibrational 
polariton relaxation and dephasing, as well as the mechanisms by which chemical reactions can be con-
trolled.14, 21, 35-37 In addition to the dark states, there is also a population of “uncoupled” molecules that do 
not participate in the delocalized polariton due to their spatial position along the cavity at regions of low 
field mode amplitude (see discussion in the SI). In terms of frequency, both the dark and uncoupled mol-
ecules are essentially indistinguishable from ordinary molecules in the absence of a cavity, though it re-
mains to be determined if the dark states are distinct dynamically from the cavity-free bare molecules.12, 
14, 38 
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The fundamental spectroscopy and dynamics of vibrational polaritons present new avenues in 
understating and manipulating quantum dynamics using the external influence of a cavity. Several recent 
reports of transition metal complexes, particularly the strong triply-degenerate W(CO)6 stretching vibra-
tions, coupled to resonant cavities have considered the nonlinear optical response of vibrational polari-
tons in various conditions of weak and strong coupling.10-19, 38-40 A key proposal to explain the observed 
relaxation dynamics posits that the polariton states relax to the uncoupled reservoir molecules. Subse-
quent excited state absorption from the v = 1 to v = 2 state of these reservoir molecules is thought to 
account for the substantial signal amplitude at the lower polariton detection frequency due to a coinci-
dental energy matching of the 1-2 transition and the LP frequency. Other work has considered that there 
is a cavity-length tunable nonlinear response that could potentially be used for polaritonic switching de-
vices.15 A recent report of cavity-coupled sodium nitroprusside, which has a single NO nitrosyl vibrational 
transition, was investigated in order to eliminate possible complications of involving three triply-degen-
erate modes of W(CO)6.38 In general, the spectra appear actually quite similar and indicate that there are 
unifying aspects of single vibrational mode polaritons.  

In the sodium nitroprusside (SNP) example, Grafton et al. present a method to subtract the “res-
ervoir” 2D-IR spectrum due to the uncoupled molecules.38 Using the response at a 25-ps waiting time (t2) 
delay, which is longer than the cavity lifetime, they generate a reservoir-only spectrum by extracting two 
slices of the 2D-IR spectrum: one at an excitation frequency matching the bare molecule peak maximum, 
and the other at a detection frequency corresponding to the maximum in the 2D spectrum. The product 
of these two slices is a 2D surface that resembles the overall appearance of the 25-ps spectrum. This 
spectrum is then subtracted from the early waiting time (1 ps) 2D-IR spectrum of the cavity response, 
yielding a putative reservoir-subtracted 2D-IR spectrum. A similar analysis was also used to correct the 
pump-probe transient absorption spectrum. 

This method of estimating a 2D spectrum is similar to assuming a purely homogeneous limit, 
though we are not aware of a precedent for constructing a 2D-IR spectrum by multiplying two slices at 
one waiting time delay. Khalil et al. found that SNP exhibits substantial inhomogeneous broadening as 
well as spectral diffusion on the same time scales as the polariton studies.41 Subtracting the constructed 
homogeneous reservoir spectrum from earlier time 2D spectra, where inhomogeneous broadening leads 
to diagonally correlated line shapes, cannot capture the dynamic peak shape of the uncoupled molecules. 
Using a model response function, we show that the background-subtracted 2D spectrum reported previ-
ously results from this dynamic 2D line shape in the filtered uncoupled response (details are in the Sup-
porting Information, SI). Nevertheless, the insight that it is necessary to subtract a background 2D re-
sponse due to the uncoupled molecule is essential for obtaining the polariton response. Our approach 
takes into account the dynamic line shape by recording the 2D-IR spectrum of the cavity-free sample and 
multiplying the spectrum at each waiting time by the two-dimensional polariton transmission to account 
for the spectral filtering of both the excitation and the detection processes. We show below that this 
approach is capable of isolating the polaritonic 2D-IR response. 
 If one neglects the dark states, it is possible to view the polariton system as one oscillator coupled 
to one cavity mode.33-34 It is common to invoke an effective coupling that collects the electric dipole inter-
action as well as the square root of N dependence. A recent treatment by Herrera et al. includes explicitly 
the state dependent transition dipole moments of an anharmonic oscillator, to arrive at a set of energy 
levels of the polaritonic ladder beyond the first excited state manifold.42 With the energy level parameters 
determined using this method and reported in Grafton et al.,38 we use conventional response functions43 
to produce a purely polaritonic 2D spectrum (Fig. 1). Keeping in mind that the signal phase in the polariton 
case is opposite that in the uncoupled background: ground state bleach (GSB) and stimulated emission 
(SE) pathways in the polariton lead to reduced transmission, whereas these pathways lead to increased 
transmission in the uncoupled response. The same logic leads to excited state absorption pathways with 
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opposite signs in the polariton and uncoupled response. In our color scheme, the red features are in-
creased transmission (reduced absorption), and the blue features are decreased transmission (increased 
absorption).  
 Using the filtered 2D-IR spectrum (Fig. 1), either measured independently, or modeled using a 
simple response function, we can construct a 2D-IR spectrum for the cavity by adding the uncoupled back-
ground to the polaritonic response. We note that we currently do not know a priori how to weight the 
two contributions, but have developed an empirical method to correct our measured spectra (described 
below). Work by Xiong et al. shows that pump-probe spectra change with pathlength at constant concen-
tration,15 an effect that could be due to changes in the background contribution. The simulations here use 
weights chosen to resemble the characteristic 2D-IR spectra that are in the literature, as well as the many 
spectra we have recorded ourselves. The simulations show a striking resemblance to previously reported 
results. We do note one feature of the spectra that is clearly not reproduced in these simulations is the 
prominent cross peak at (ω1 = 1956 cm-1, ω3 = 1977 cm-1) corresponding to LP excitation and dark state 
fundamental detection. This feature could indicate evidence for the LP-to-reservoir energy transfer, and 
the sign is precisely what would be expected for excited state absorption, but the frequency corresponds 
to the v = 0 to 1 transition of the reservoir. Stimulated emission due to LP-to-dark state energy transfer 
would have the opposite sign (it would appear red in the present representation). We also find a cross 
peak at the UP-dark region, but again, it has the incorrect sign to be attributed to stimulated emission.  
 

Figure 1. (A) Simulated 2D-IR absorptive response characteristic of sodium nitroprusside (SNP) based on the 
work of Khalil et al. (B) Polariton 2D-IR spectrum parameterized using the energy levels reported in Grafton et 
al. Note that the features corresponding to ground state bleach and excited state absorption have signs opposite 
to those of the absorptive bare molecule response. (C) Bare molecule response filtered by the polariton trans-
mission (taken from data in Ref. 38). (D) Sum of the filtered background and the polariton response.  
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 Subtracting the uncoupled background 2D-IR requires measuring that response under conditions 
that are as similar as possible to the cavity-coupled conditions. Due to the typically high concentrations 
used in establishing strong coupling, there can be distortions to the 2D spectrum arising from solute-so-
lute interactions as well as optical effects such as signal reabsorption. For both the bare molecule and 
polariton experiments we used ~40 mM W(CO)6 in butyl acetate. To reduce the optical density and signal 
reabsorption, we used a 6-µm spacer for the bare molecule 2D experiment, whereas the cavity used a 25-
µm spacer. In general, an ideal subtraction should be done with identical sample pathlengths and concen-
trations, but this is often difficult in practice with the cavity lengths required to form the polaritonic sys-
tem. The FTIR was recorded using a lower concentration sample (2.5 mM) in order to obtain an 

Figure 2. (A) Linear absorbance (red) of 2-mM W(CO)6 in butylacetate in a standard cell, and transmission (green) 
of 40 mM W(CO)6 in butylacetate in a resonant cavity (mirror reflectivity = 92%). Polariton bands are at 1956 
and 1997 cm-1; the bare molecule band is at 1977 cm-1. (B) Absorptive 2D-IR spectrum of the cavity response 
(color) superimposed on the bare molecule response (gray), showing the significant overlap of the v=1 to v=2 
excited state absorption and the lower polariton. Linear responses are shown along each axis for reference. (C) 
Absolute value rephasing, nonrephasing and absorptive 2D-IR spectra for the cavity; the signals are obtained 
using a 6 phase cycling scheme (SI). (D) Normalized frequency fluctuation correlation functions (FFCFs) for the 
LP diagonal (left) and the UP diagonal both indicate coherent modulation due to the nonrephasing contribution. 
The LP diagonal shows a pronounced spectral inhomogeneity that decays on the same time scale (2.4 ps) as the 
bare molecule measured outside of a cavity. This apparent spectral diffusion is due to the overlapping uncoupled 
background 2D-IR response.  
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undistorted linear absorption spectrum. The 2D-IR experimental set up has been described previously, 
and is summarized in the SI.  

The as-measured 2D-IR spectra of the cavity and bare molecule shows significant overlap of the 
1-2 bare molecule response and the LP-detected 2D-IR signal (Fig. 2B). Absolute value rephasing, non-
rephasing and absorptive spectra show prominent peaks at locations expected based on the linear trans-
mission spectrum. Using the inhomogeneity index as a measure of the frequency-fluctuation correlation 

Figure 3. (A) Absorptive bare molecule 2D-IR obtained using 40 mM W(CO)6 in butylacetate with a 6 μm path-
length cell (uncoated, 3-mm CaF2 windows). All sets of three 2D spectra are shown for the same three waiting 
times (0.8, 1.5, and 30 ps). Dynamic changes of the line shape are due to spectral diffusion. (B) Absorptive 2D-
IR response filtered by the polariton transmission (shown in Fig. 2A). (C) Measured absorptive 2D-IR spectra of 
the full cavity response (40 mM W(CO)6 in butylacetate with a 25 μm pathlength; mirror reflectivity is 92%). (D) 
Background subtracted response (cavity – filtered bare molecule) shows the spectral signatures of the polari-
tonic ladder expected for an anharmonic oscillator coupled to a single harmonic cavity mode.  



 6 

function,44 we find coherent oscillations due to the impulsive excitation of both polariton bands, as well 
as a slow decay in the LP diagonal signal. This decay matches the FFCF decay of the bare molecule (2.4 ps), 
which arises from spectral diffusion. The polariton bands are purely homogenously broadened, and there-
fore cannot undergo spectral diffusion. This signature is, therefore, indicative of the uncoupled back-
ground 2D-IR signal.  

  Given the ability to construct 2D spectra of cavity systems by adding a pure polaritonic response 
to the filtered bare-molecule 2D-IR spectrum, it should be possible to isolate the pure polaritonic response 
experimentally. In our transmission polariton 2D measurement, the probe, serving as a local oscillator 
(LO), propagates within the cavity along with the signal, therefore the LO should have the same shape as 
the polariton transmission spectrum [T(ω)]. The uncoupled bare molecule signal is modulated by the LO 
[Ssig,bare molecule ∝ 2Re(ELO(ωdet)Esig(ωdet)]. The excitation pulses are filtered in a similar way. Figure 3 shows 
the process of obtaining polaritonic spectra from the measured cavity response. We record the 2D-IR 
spectrum of the same sample in an ordinary cell without reflective cavity mirrors. The polariton transmis-
sion spectrum, T(ω), is measured in-situ using the pump and probe pulses (Fig. 2A). By multiplying the 
bare molecule 2D-IR spectrum by the polariton transmission in both excitation and detection dimensions 
[i.e. T(ω1)T(ω3)], we obtain the filtered bare molecule response. To obtain the pure polaritonic contribu-
tion, we subtract the filtered bare-molecule 2D-IR spectrum from the measured spectrum of the cavity 
system (i.e. Sresidual = Scavity – αSfiltered bare molecule). We use data with the same waiting time (t2) to account for 
spectral shape changes that arise from the spectral diffusion within the inhomogeneously broadened 
band. Given that polaritons are immune to inhomogeneous broadening, we set the weight for subtraction 
such that we minimize the residual spectral diffusion in the LP diagonal peak (see SI for details). The re-
sulting polaritonic 2D-IR spectra at various waiting times illustrate that the prediction based on two cou-
pled oscillators yields a good correspondence with the measurements.  

Several peaks in the polaritonic 2D spectrum exhibit oscillatory behavior with a frequency corre-
sponding to the vacuum Rabi splitting (Fig. 4), as is expected in 2D-IR spectra of coupled modes having 
narrow homogeneous linewidths. This oscillatory behavior is present in other 2D-IR spectra of polari-
tons,12, 38 and it is well established that the diagonal peaks oscillate due to the non-rephasing pathways, 
whereas the cross peaks (and their red-shifted ESA doublets) oscillate due to the rephasing pathways.45 
The dephasing of the LP/UP coherence arises primarily from the cavity lifetime, which is estimated to be 
2.7 ps based on 92% mirror reflectivity (see SI).  

Besides the coherent oscillation, we also observe waiting time amplitude changes that reflect en-
ergy transfer between the polaritons, as well as ultimate relaxation back to the ground state. Our spectra 
show that the polaritonic populations decay on time scales that are far longer than the ~3 ps cavity life-
time. The UP diagonal peak exhibits biexponential decay with a fast time constant of 1.4 ps and a slow 
timescale of roughly 10 ps. Previous work by Xiong et al.12, 14, 40 and by Owrutsky et al.10, 38 also show the 
same trend, where the slow component is expected to match the bare molecule lifetime, as the cavity 
signal has already decayed as that point.  We attribute the 1.4 ps time constant to UP-to-LP population 
transfer because we see a rising component of the same time scale in the cross peak between UP and LP. 
By analyzing waiting-time dependent peak amplitudes, which largely reflect the population dynamics (Fig. 
4), we can conclude qualitatively that for the regions where there is less overlap between the polariton 
and background spectrum (regions A and B of Fig. 4C), the residual polariton dynamics is not influenced 
by the background signal. For the regions of greater overlap, subtracting the background signal results in 
the LP diagonal (peak C in Fig. 4C) showing a reduction in the longer time decay constant while the LPUP 
cross peak’s rise time constant becomes slower (D, Figure 4(C)). All fitting parameters for the curves 
shown in Fig. 4C are given in Table S1. Finally, the polaritonic state energies can be derived directly from 
the 2D spectrum at early waiting time, yielding an energy ladder diagram shown in Fig. 4B. In the case of 
ultrastrong coupling, which we do not have in the present case, there are reports of evidence of transi-
tions between the dark and polariton manifolds.46 For example a dark-to-UP overtone (D1➝UP2 in our 



 7 

notation), would occur with an excitation frequency of 1977 cm-1 and a detection frequency of 2011 cm-

1. Though there may be amplitude at this spectral location, it is not significant compared with the polari-
tonic response. We have indicated the energy differences for any dark and polaritonic transitions in Fig. 
4B. 
 Regarding the role of dark states in the relaxation of polaritons, there should be two experimental 
signals associated with polariton-to-dark energy transfer. One feature would be a v = 1 to v = 2 ESA asso-
ciated with excitation of either of the polaritons, which happens to coincide with the LP transmission. The 
other feature would be a stimulated emission from v = 1 to v = 0 in the uncoupled reservoir. Because that 
signal emits in the transmission minimum of the polariton spectrum, it will be more difficult to observe. 
In the subtracted spectrum, we observe a peak at (1956 cm-1, 1977 cm-1), corresponding to LP excitation 
followed by detection at the bare molecule fundamental. The sign of this LP/bare cross peak corresponds 
to an induced absorption (blue in our color scheme) instead of the expected stimulated emission feature 
(red in our color scheme). It is difficult to conclude whether this feature simply arises from the filtered 

Figure 4. (A) Measured full cavity response (left), filtered bare molecule (middle), and subtracted residual (cavity 
– filtered bare molecule) at a waiting time of 0.8 ps. (B) Polaritonic ladder deduced from the 30 ps residual 
spectrum (shown in Fig. 3D, right). Gray arrows indicate transitions involving the uncoupled and dark states (D1, 
D2); bold arrows depict transitions between polariton states (LP, UP, LP2, MP, and UP2). (C) Waiting time depend-
ence of the two diagonal (peaks C and B) and two main cross peaks (peaks A and D) as indicated in Fig. 4A. Peak 
A shows essentially negligible contributions from the uncoupled background, whereas the LP diagonal, peak E, 
shows a pronounced background contribution due to the uncoupled background. For peaks A, B and D, data are 
shown as moving averages (dark lines) and raw measured data (light lines); window sizes are 10 for peaks A and 
D, and 3 for peak F. 



 8 

bare molecule response, where it is rather prominent (Fig. 3B). The LP/bare ESA peak shape is elongated 
along the diagonal, which is not expected for a purely polaritonic response as the polariton features are 
not inhomogeneously broadened. If this feature is due to polariton-to-reservoir energy transfer, it is pos-
sible that the inhomogeneous broadening of the reservoir states would manifest as a frequency correla-
tion. For the inhomogeneity to persist, the energy transfer to the reservoir must be faster than the spec-
tral diffusion within the reservoir. Nevertheless, it is difficult to rationalize why the excitation frequency 
of the homogeneously broadened polariton would be correlated with the inhomogeneously broadened 
reservoir. From the bare-molecule 2D-IR we determine the spectral diffusion to occur on a 2.4 ps time-
scale, setting an upper bound on the energy transfer time scale. Unfortunately, it is not possible to con-
clude definitively that the diagonally elongated peak shape is due to energy transfer without observing 
the concomitant stimulated emission signal.  

As mentioned above, and by others,10, 12, 38 the coherence in the waiting time is a signature of a 
polariton system. As is expected for a single vibrational mode, the filtered bare molecule response does 
not exhibit any quantum beats. Fourier transforming the cavity response with respect to t2 yields a coher-
ence frequency, ω2. Pulse shaping can be used either to isolate or suppress these coherent oscillations,17, 
38 and we have chosen to analyze them using coherence maps. Employing a 6 phase cycling (SI) scheme47 
enables direct measurement of both the real and imaginary parts of the rephasing and nonrephasing 
spectra. Due to the specific signs of the frequency of each pathway, this separation enables a greatly 
simplified coherence map that is readily assigned for each pathway. We show here (Fig. 5) the positive 

Figure 5. (A) Coherence map for the nonrephasing response shown at a frequency cut of +41 cm-1. Because we 
analyze the complex rephasing spectrum, the coherence for the UP diagonal appears at positive frequency, 
whereas the LP diagonal appears at –41 cm-1 (negative frequency coherence maps are shown in the SI). (B) The 
rephasing coherence map at +41 cm-1, shows the upper left cross peak oscillates (the lower right cross peak 
oscillates with a frequency of –41 cm-1). (C) Full waiting time dependence of the UP diagonal peak for the re-
phasing (blue) and nonrephasing (red) responses. (D) Absolute square Fourier transform amplitude of the re-
phasing  response at the LP/UP cross peak indicates a single peak at 41 cm-1, with a width of roughly 15 cm-1, 
corresponding to an exponential dephasing of ~3 ps (assuming a Lorentzian spectrum).  
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vacuum Rabi splitting (+41 cm-1), with the negative frequency maps shown in the SI. As expected, the 
coherence appears on the upper diagonal for the nonrephasing and on the upper cross peak for the re-
phasing responses. In the rephasing LP excited/UP detected cross peak (Fig. 5D), we find a single coher-
ence frequency at the 41 cm-1 vacuum Rabi splitting, with a width of roughly 15 cm-1, corresponding to an 
exponential dephasing of about 3 ps (assuming a Lorentzian spectrum), consistent with the ~3 ps calcu-
lated cavity lifetime (see SI).  
 We present a method of removing the polariton-filtered background 2D-IR spectrum that com-
prises roughly half of the signal amplitude in many cavity-based experiments. The dark state spectral am-
plitude arises from molecules located, for example, in low-field regions of the cavity, producing apprecia-
ble oscillator strength of the reservoir states. These features are inherent in vibrational polaritons, and 
care must be taken in interpreting polariton nonlinear spectroscopy without correcting for this potentially 
significant background contribution. Once corrected, the polariton 2D-IR response can be interpreted us-
ing the standard concepts of coherence, energy transfer and energy relaxation that have been developed 
in the multidimensional spectroscopy community.43, 48 Compared with ordinary molecules, polaritons are 
immune to inhomogeneous broadening, thus enabling a subtraction procedure that eliminates the spec-
tral diffusion contribution to the FFCF in the cavity response. While the approach we have demonstrated 
here can reduce the uncoupled background nonlinear response, for cases with more complex bare-mole-
cule spectra, the method may not be sufficient. We propose that the most straightforward solution is 
either to (1) rely on the ultrastrong coupling where the polaritons are shifted very far from the bare mol-
ecule transitions, or (2) to ensure the active molecules are located in high-field regions of the optical cav-
ity, thus reducing the contribution of the uncoupled molecules. Other dynamical signatures of non-polar-
itonic contributions may aid in identifying processes such as energy transfer to and from the dark reser-
voir. These findings also suggest that nanophotonic resonances may offer a notable advantage due to the 
potential to achieve strong coupling with single molecules.49-50  
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