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ABSTRACT
The density dependence of rotational and vibrational energy relaxation (RER and VER) of the N2O ν3 asymmetric stretch in dense gas and
supercritical Xe and SF6 solutions for near critical isotherms is measured by ultrafast 2DIR and infrared pump–probe spectroscopy. 2DIR
analysis provides precise measurements of RER at all gas and supercritical solvent densities. An isolated binary collision (IBC) model is
sufficient to describe RER for solvent densities ≤ ∼4M where rotational equilibrium is re-established in ∼1.5–2.5 collisions. N2O RER is ∼30%
more efficient in SF6 than in Xe due to additional relaxation pathways in SF6 and electronic factor differences. 2DIR analysis revealed that
N2O RER exhibits a critical slowing effect in SF6 at near critical density (ρ∗ ∼ 0.8) where the IBC model breaks down. This is attributable to
the coupling of critical long-range density fluctuations to the local N2O free rotor environment. No such RER critical slowing is observed in
Xe because IBC break down occurs much further from the Xe critical point. Many body interactions effectively shield N2O from these near
critical Xe density fluctuations. The N2O ν3 VER density dependence in SF6 is different than that seen for RER, indicating a different coupling
to the near critical environment than RER. N2O ν3 VER is only about ∼7 times slower than RER in SF6. In contrast, almost no VER decay is
observed in Xe over 200 ps. This VER solvent difference is due to a vibrationally resonant energy transfer pathway in SF6 that is not possible
for Xe.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0118395

I. INTRODUCTION

A detailed, molecular level understanding of rotational and
vibrational energy relaxation (RER and VER) dynamics in high den-
sity gases and supercritical fluids (SCFs) is of fundamental impor-
tance for maximizing reaction outcomes and providing a better
molecular level understanding of how equilibrium is established in
these dynamic, heterogeneous solution environments. Dense fluids
at high temperatures and pressures are solvent environments where
many combustion reactions occur. For example, internal combus-
tion engines often operate in a supercritical regime.1–3 Furthermore,
the unique and readily tunable solvation properties of SCFs offer
the possibility for selective control of chemical processes and have
been successfully exploited in a wide range of applications.4–10 They

also offer the “green” potential to replace organic solvents, thus mit-
igating negative environmental and human health consequences of
those solvents. The experimental studies described here are part of
our recent ongoing effort to develop the capabilities of ultrafast two-
dimensional infrared (2DIR) spectroscopy to learn about the effects
of critical fluctuation dynamics, the onset of liquid character, and the
density dependence of rotational and vibrational energy relaxation
in near critical solutions.11,12

Rotationally inelastic collisions alone can have a profound
influence in a wide variety of gas phase phenomena, such as
bulk level viscosity, compressibility, and thermal conductivities, in
fields ranging from terrestrial and planetary atmospheric chem-
istry to laser physics and combustion analysis.13–16 Much of what
is known about gas phase rovibrational reaction dynamics has
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come from state-to-state, time-resolved spectroscopic measure-
ments necessarily in relatively low-density, homogeneous systems
where discrete rovibrational spectroscopic features, in particular,
are resolvable.13,17–25 Other experimental methods for determin-
ing rotational relaxation include analysis of acoustics, shock waves,
thermal transpiration, and molecular beam experiments. Aside
from the indirect nature of most of these approaches, such mea-
surements have been generally restricted to relatively low pres-
sure regimes or neat fluids.19,21,26–28 Additionally, picosecond scale
angular momentum relaxation rates in dense fluids have been
derived from nuclear magnetic resonance (NMR) spin relaxation
measurements.29–33 However, rotational energy relaxation (RER) or
transfer rates in dense media remain difficult to directly assess in
liquid-like high density solutions due to the concomitant spectral
broadening accompanying spectroscopic features in such molecular
environments.

A variety of experimental effects have also been employed to
study solvation, broadly defined, in the critical point region of solu-
tions and have been previously reviewed.4,34 Spectroscopic methods
include solvatochromatic peak frequency shifts34–47 and spectral line
shapes35,42,46,48 in frequency domainmeasurements and excited state
lifetimes39,44,49–55 and rotational anisotropy determinations56–58 in
time-domain approaches. Although these solvation effects have
shown some dependence on the solute–solvent species selected,
a phenomenon often observed in dense gas and SCF neat and
infinitely dilute solutions is that of a three-regime behavior with
respect to solvent density dependence.34,36,39,47,49,50 For isotherms
close to the critical temperature, Tc, the spectroscopic observable
or response scale with solvent concentration in the more gas-
like density region then appears to plateau near the critical point
(ρ ∼ 0.5ρ∗) before the property again resumes a solvent concentra-
tion dependence at more liquid-like densities (ρ ∼ 1.5ρ∗) although
this density dependence may be different than in the gas-like phase.
Universal critical point behavior offer several effects that can influ-
ence solvation in SCF solutions. The development of long-range
spatial correlations, dramatic increase in compressibility, growth
in number density heterogeneity, and slowing of density fluctua-
tions are all phenomena evident in near critical fluids (T ∼ 1.01T∗,
0.5ρ∗ ≤ ρ ≤ 1.5ρ∗) and are interrelated properties that can provide a
basis for understanding solute–solvent interactions and their density
dependence in near critical solutions.

In most SCF spectroscopic studies, the observed density depen-
dence is ascribed to local density enhancement or augmentation
(LDA).4,34,42,59–62 Within this framework, the plateau region of the
three-regime dependence is enabled by the SCF’s large compress-
ibility as the critical point is approached (ρ ∼ 0.5ρ∗), resulting in a
local density in the vicinity of a probe that is larger than the bulk
density value. Subsequent changes in bulk density do not alter this
local density significantly and a soft or flat density dependence is
observed until the bulk density begins to exceed the local density
(ρ ∼ 1.5 ρc).63 An alternative explanation for the density inde-
pendence in this near critical region was developed for observed
vibrational lifetime (T1) effects of the CO stretching mode
of W(CO)6 in SCFs, highlighting the role of other critical
phenomena.39 In this theoretical treatment, a cancellation of density
dependent structural and thermodynamic fluid properties formally
results in nearly density independent vibrational lifetimes in the near
critical region.44,50,51 While the universality of this treatment results

from the long-range correlations of density fluctuations, the time
dependence of these fluctuations was not explicitly considered in this
theoretical vibrational energy relaxation (VER) analysis.

Both static and dynamic properties of these density fluctuations
may influence solvation in near critical solutions. As the density
correlation length increases, there is a corresponding increase in
the density correlation relaxation time at the critical point that is
described as critical slowing. Analysis of dynamic light scattering64,65

and small-angle x-ray scattering (SAXS)66 at accessible angles pro-
vides experimental evidence of the density fluctuation rate decrease
and how it follows the increase of the spatial correlation length
in the near critical region. Simulations have also demonstrated the
effect of this critical slowing on local solvation timescales.67,68 While
anomalous density dependent spectral shifts and line shape broad-
ening effects consistent with local density augmentation are evident
in the critical region of these solutions, such measurements do not
directly reveal dynamical information. 2DIR experiments, in con-
trast to vibrational lifetime measurements, provide a direct measure
of solvent fluctuation timescales as demonstrated here via measure-
ments of the rotational transition frequency–frequency correlation
function (FFCF) decays.11

Exploiting the recent characterization of 2DIR spectroscopy
of quasi-free quantum rotors,11 we have demonstrated that 2DIR
analysis directly provides rotational (∣J∣) energy relaxation (RER)
or transfer times in dense gases and SCFs on the subpicosecond to
picosecond timescale. 2DIR echo-like properties can be exploited to
separate the dynamics of sample members where J is a “good quan-
tum number,” i.e., the gas-like quasi-free rotor population, from
the ensemble component that is in liquid-like, hindered rotor solva-
tion environments. As described in detail previously,11,12 the unique
spectroscopic signature identifying free rotors in a sample is an anti-
diagonal feature in both the ground state bleach/stimulated emission
(GSB-SE) and the excited state absorption (ESA) contributions to
the 2DIR spectrum. The interpulse, waiting time (Tw) dependence
of the perfectly anticorrelated diagonal and anti-diagonal spectral
components is a measure of this system’s return to rotational equi-
librium.11 The capabilities of this methodology have been demon-
strated for the analysis of the N2O ν3 asymmetric stretching mode
(∼2220 cm−1) in gaseous, supercritical, and liquid SF6 solutions (0.16
< SF6 ρ∗ < 1.87; ρ∗ = ρ/ρc) at 1.01Tc as a function of SF6 den-
sity.12 SF6 is a simple fluid with a readily accessible critical point
(Tc = 318 K, Pc = 48.8 atm), and the large N2O ν3 0 → 1 extinction
coefficient (ε ∼ 1.5 × 103 M−1 cm−1) and relatively long ν3 lifetime
(T1)69,70 facilitate these 2DIR measurements. The corresponding
VER rates in these solutions are determined by IR pump–probe
measurements. Furthermore, density dependent VER analysis is not
complicated by the contribution of purely intramolecular relax-
ation pathways for such a small molecular probe (N2O). Aside
from these desirous experimental attributes, N2O is an important
species in atmospheric chemistry contributing to ozone depletion
and a resulting common product of fossil fuel combustion.71,72

N2O is currently the second most abundant nitrogen containing
compound in the atmosphere and its concentration in the atmo-
sphere is rapidly increasing.73 Thus, accurate energy relaxation
rates and cross sections are central to modeling fundamental colli-
sional N2O processes in these environments. The previous ultrafast
2DIR results11,12 revealed efficient N2O–SF6 rotational energy trans-
fer rates (rotational equilibrium re-established via just one to two
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collisions), offered preliminary dynamical evidence for critical slow-
ing phenomena, and identified the coexistence of gas- and liquid-
like sub-ensembles in both the dense gas and SCF phase regions
for the solute N2O in SF6 solutions. Such details are essentially
inaccessible by other experimental optical approaches, especially
regarding direct measures of solute–solvent fluctuation timescales.
Following our prior 2DIR treatment of free rotors,11 recent descrip-
tions of the polarization dependence of these responses have been
reported.74–76

Here, we report a density dependent ultrafast 2DIR spectral
analysis and pump–probe measurements of N2O in Xe solutions
along a near critical isotherm (T∗ = 1.005) and compare the deter-
mined N2O ν3 RER and VER rates to the corresponding results in
SF6 solutions. 2DIR and pump–probe measurements at two new
additional SF6 solution state points (ρ∗ = 1.17 and 1.51) are included
here to provide a better description of dynamics near the SF6 critical
point region. Some relevant physical and thermodynamic proper-
ties of these two solvents are summarized in Table I. SF6 and Xe
are both non-dipolar, spherically shaped molecules with similar
masses, critical temperatures, Lennard-Jones potential depths (ε),
and polarizabilities (α) in addition to easily accessible critical points
(Table I). Differences in some other molecular properties could,
however, potentially play a more significant role in the solvation
properties of these two solvents/baths. For example, the hard sphere
or van der Waals diameter of Xe is 75%–80% smaller than that of
SF6 (Table I) and the critical density of Xe (8.40 M) is ∼65% larger
than the density of SF6 at its critical point (5.09 M). Other differ-
ences that could affect the solvation or energy transfer dynamics in
these two solvents are that Xe lacks internal degrees of freedom and,
although both are non-dipolar, SF6 has a permanent hexadecapole
moment.

The goal of these studies is to learn how this 2DIR based
approach can be exploited to address some fundamental questions
regarding solvation dynamics in these two solvents in the gas to
liquid density regime. Specific topics of interest here include the ade-
quacy and breakdown of isolated binary collision (IBC) descriptions
for rotational and vibrational energy transfer, dynamical critical
phenomena effects on solvation interactions, and evidence of simul-
taneous gas/liquid fluid heterogeneities at the near critical densities
of these fluids.

TABLE I. Comparison of some Xe and SF6 thermodynamic and physical properties.

Property Xe SF6

Tc (○C) 16.6 45.6
Pc (atm) 57.7 37.1
MW (g/mol) 131 146
ρc (M) 8.40 5.09
χca 0.291 0.360
σ (Å)b 4.047 5.128
ε/k (K)b 231.0 222.1
B2 (L/mol) −0.122 −0.207
α (nm3)108,109 4.0 × 10−3 4.5 × 10−3

aCritical compressibility factor χc = PcV/nRTc .
bLennard-Jones constants determined from experimental viscosity data.110

II. EXPERIMENTAL
The experimental setup has been described in detail

previously.11,12 Briefly, all 2DIR spectra were collected in a
pump–probe configuration using perpendicularly polarized 85 fs IR
pulses (FWHM ∼ 300 cm−1) centered at ∼2200 cm−1. These relative
polarizations were chosen to minimize background scattering
contamination contributions to the 2DIR spectra. The expanded
IR beams were focused onto the sample by a parabolic mirror to
a diameter of ∼100 μm. The phase-matched, heterodyne-detected
signal in the probe direction was dispersed in a monochromator
and detected by a double-array 32 element cryogenically cooled
MCT detector (Infrared Associates, Inc.) with a resulting spectral
resolution along the 2DIR ω3 axis of 3 cm−1/pixel. The resolu-
tion along the 2DIR ω1 axis is determined by Fourier transform
treatment and is ∼0.1 cm−1. N2O, SF6, and Xe gases of the highest
available purity (>99.8%) were compressed by a pressure generator
into a stainless-steel cell with a 100 μm optical path length between
two 2 mm thick z-cut sapphire windows. All solutions were allowed
to equilibrate for ∼24 h before any measurement was performed.
Proportional integral derivative (PID) control was used to regulate
and maintain sample cell temperatures to within ±0.1 ○C and a
transducer gauge ensured that sample pressures were constant
within a precision of ±1 psi. Relative sample densities were derived
from the NIST online database.77

One-color, magic angle, dispersed pump–probe responses were
obtained on the same 2DIR setup with one of the pump beams
blocked and are reported as the change in sample optical density,
ΔOD(t), of the dispersed probe beam in the absence and presence
of the pump, as a function of the interpulse delay. The longest delay
time reported here, 200 ps, is limited by our current scanning stage
capabilities. Experimental uncertainties for the reported VER rates
(1/T1) are given by best-fit determined 95% confidence limits. FTIR
absorption spectra were collected at 0.125 cm−1 resolution. A small
flat baseline correction (<1% OD maximum) to account for sap-
phire window transmission was applied to all displayed absorption
spectra. The maximum absorbance of the N2O sample solutions
was in the range of ∼0.3–0.5 OD for all 2DIR and pump–probe
measurements.

III. RESULTS
A. Vibrational absorption spectral shapes

FTIR spectra of the N2O ν3 asymmetric stretching mode in
Xe solvent with densities spanning gas, SCF, and liquid phases
(0.10 ≤ Xe ρ∗ ≤ 1.55) are shown in Fig. 1 for a T∗ = 1.005 isotherm
(18.0 ○C). The low solute concentration of these solutions (≤1%
N2O) ensures all intermolecular interactions contributing to the
measurements in these studies are in the infinite dilute solution
limit. The N2O ν3 density dependent spectral line shapes in Xe
(Fig. 1) are similar to those observed for N2O ν3 in dense SF611,12

(see Fig. S1). Pressure-broadened, unresolved N2O P (ΔJ = −1) and
R (ΔJ = +1) rovibrational branches, centered at ∼2211 and
∼2237 cm−1, respectively, are clearly identifiable at gaseous Xe state
points where ρ∗ ≤ 0.37 (3.11 M). The Q-branch (ΔJ = 0) for this
parallel-type vibrational band is formally symmetry-forbidden for
the free rotor78 and thus is not evident in the low solvent density
spectra (ρ∗ < ∼0.3). However, as the Xe solvent density increases
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FIG. 1. Normalized FTIR absorption spectra of the N2O ν3 asymmetric stretch
mode in Xe as a function of solvent reduced density (ρ∗). Xe (T , P, ρ) state points
range from gas to supercritical fluid (SCF) at 18 ○C (1.005Tc) and the liquid at
14 ○C (0.99 Tc).

beyond ρ∗ ∼ 0.4, the ν3 band shape exhibits a growing additional
“Q-branch-type” pure vibrational 0 → 1 ν3 transition feature cen-
tered at ∼2219 cm−1, and the P and R branches become increasingly
less pronounced. At Xe densities greater than ρ∗ ∼ 0.7 correspond-
ing to SCF state points, the N2O ν3 P and R branches are barely
visible residual “shoulders” to the red and blue of the stronger cen-
tral, Q-branch-like feature. At the highest solvent densities shown
in Fig. 1, Xe ρ∗ ≥ 0.87, these ΔJ = ±1 branches are no longer iden-
tifiable. Interestingly, the N2O ν3 absorption spectra in liquid Xe
(ρ∗ = 1.55) at a temperature just below Tc (14 ○C, T∗ = 0.99) and
in the highest supercritical Xe densities (ρ∗ ≥ ∼0.9) (Fig. 1) exhibit a
band shape dominated by Lorentzian character and are nearly iden-
tical. In contrast, only the N2O ν3 absorption spectrum in liquid, not
supercritical SF6 (ρ∗ = 1.87, T∗ = 0.93),12 exhibits a nearly Lorentzian
band shape (Fig. S1).12 A small shoulder at ∼2207 cm−1 correspond-
ing to the N2O ν2 (589 cm−1) hot band (ν2 → ν2 + ν3) absorption
is also evident in the liquid Xe spectrum (Fig. 1), and it has been
noted in previous N2O ν3 spectra in liquid SF6 and other solvents
also.11,12,79,80

Although the N2O ν3 absorption band shapes in Xe (Fig. 1) and
SF612 (Fig. S1) are very similar and exhibit analogous solvent den-
sity dependent band shape changes for these near critical isotherms,
some phenomenological differences are evident. Most spectroscopic
probes of SCF solvation effects are reported as a function of reduced
density such as ρ∗ (ρ/ρc), placing such descriptions in the context of
universal scaling properties that, in part, define the thermodynamic
and statistical characteristics of near critical behavior.81 However,
N2O ν3 absorption spectra in Xe and SF6 display distinctly differ-
ent line shapes for comparable ρ∗ (see Fig. S2). For example, the ν3

line shapes in Xe ρ∗ = 0.66, 0.87, and 1.33 are qualitatively differ-
ent than in the corresponding ρ∗ = 0.67, 0.86, and 1.36 SF6 spectra,
respectively. Qualitatively, the central Q-branch-like or pure vibra-
tional feature is a more intense absorption feature at lower ρ∗ in
Xe as compared to the same reduced SF6 density. In contrast, the
N2O ν3 absorption band shapes are quite similar when Xe and SF6
solution absorption spectra of comparable absolute number densi-
ties, i.e., solvent molarities, are compared. N2O ν3 absorption spectra
in Xe ρ∗ = 0.37, (gas), 0.62 (SCF), and 1.33 (SCF) corresponding
to 3.1, 5.2, and 11.2 M Xe solutions closely resemble the spectra
in SF6 ρ∗ = 0.67 (SCF), 0.99 (SCF), and 1.87 ( ) or equivalent SF6
molarities of 3.4, 5.1, and 9.6 M, respectively. This result is under-
standable for these similarly sized solvents given that ρc for Xe
(8.40 M) is 65% larger than for SF6. Phenomenologically, for the
same ρ∗, the solvent with the larger ρc shows the more dominant
central Q-branch-like IR absorption features, at least for these N2O
solutions. Aside from these phenomenological vibrational line shape
comparisons, potentially other aspects of the solvation dynamics
may be more dependent on the solvent number density than on
the relation to ρc, i.e., ρ∗, as discussed below. Finally, while these
strongly density dependent absorption spectra indicate substantial
solvation changes in this gas to liquid solvent transition region, non-
linear optical measurements are required to reveal evidence of free
N2O rotor populations, to provide quantitative measures of distinct
rotational and vibrational energy relaxation rates, and to address
the adequacy of IBC relaxation dynamics in these high density and
supercritical solutions.

B. Vibrational peak shifts
As indicated above, solvatochromatic vibrational peak shifts

have been used as a measure of a solute’s local solvent density and
taken as evidence for local density augmentation in the near critical
region of SCFs. Generally a red shift is observed as solvent density
increases, consistent with both dielectric continuum and molecu-
lar based theoretical treatments.34,37,38,45,46,82–84 In most, but not all,
solute–solvent systems, the density dependent vibrational peak shift
exhibits a plateau in the near critical (ρ∗ ∼ 0.8–1.2) density region
along isotherms very close to Tc.35,37,39,42–44

For completeness in reporting on the density dependence of
spectroscopic signatures in Xe and SF6 solution isotherms, the sol-
vatochromatic N2O ν3 vibrational peak shift as a function of solvent
molarity derived from Fig. 1 (Xe) and Fig. S1 (SF6) absorption
spectra is shown in Fig. 2. For the weakly dipolar N2O solute
in the non-dipolar solvents, Xe or SF6, no Q-branch, liquid-like
feature is evident in the ν3 absorption spectra at low solvent con-
centrations, i.e., <∼4M in contrast to previous vibrational peak
shift studies. However, a small absorption band between the domi-
nant P and R branches at ∼2020 cm−1 attributable to N2O in local
liquid-like, hindered rotor environments first becomes detectable
in Xe and SF6 solutions at 4.1 and 4.4 M, respectively, and then
increases in magnitude as the solvent density increases. These nearly
identical solvent number densities correspond to distinctly differ-
ent reduced densities: ρ∗ ∼ 0.49 (Xe) and 0.86 (SF6). Only a very
small ∼1 cm−1 frequency shift is observed over the reported lim-
ited density range and the highest density point in this plot (Fig. 2)
corresponds to the liquid solution as indicated. Thus, this com-
monly employed measure of SCF solvation does not appear to be
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FIG. 2. Frequency shift of the N2O ν3 Q branch-like, hindered rotor FTIR feature
as a function of SF6 and Xe concentration corresponding to Fig. 1 (Xe) and Fig. S1
(SF6) spectra. The vertical arrows indicate the SF6 or Xe critical density molarity.
The highest density point (green circle) for each solvent corresponds to a liquid
T∗ = 0.92 (SF6) or 0.99 (Xe) solution. The absorption intensity of this feature is
just detectable at ∼4M and increases with solvent density.

very informative for the solution systems of interest here. The peak
frequency difference on going from Xe to SF6 is consistent with
trends observed for this vibrational transition in more polarizable
solvent environments85,86 and is much larger than the observed den-
sity dependence over this density regime. Nonetheless, even given
this very small peak shift, limited density range, and small absorp-
tion size when first evident, the ν3 peak frequency in Xe and SF6
exhibits only a very small red shift with density. While arguably the
density dependence of the N2O ν3 peak frequency in Xe hints at a
weak three-regime behavior with a plateau near the critical point as
observed in other SCF IR studies, greater precision data at additional
near critical state points are needed to confirm that small magni-
tude trend in this system. Surprisingly, a peak blue shift is observed
on going from 4.41 M, ρ∗ = 0.87, the first density where the liquid-
like absorption feature is just barely detectable in SF6, to 5.06 M,
ρ∗ = 0.99, and it may have resulted from the solvent concentration
dependent distribution of density inhomogeneities near the critical
point offering both higher and lower SF6 density environments for
N2O.45,87 The ability to unequivocally detect and identify a small
Q-branch-like N2O ν3 vibrational feature in the 4.4 M (ρ∗ = 0.86)
SF6 solution is shown in Fig. S3. Subsequent MD simulations and
some additional data points will address this observation in future
works. Note that these frequency shifts (Fig. 2) reflect ensemble
averaged measures of solvation for the hindered rotor population
in the sample ensemble and do not directly report on the quasi-
free rotors giving rise to the 2DIR RER decays discussed below
(vide infra).

C. 2DIR spectra
2DIR spectra were acquired for each of the dilute N2O in

Xe solutions whose ν3 absorption spectra are shown in Fig. 1 as
a function of waiting times, i.e., fixed delay time (Tw) between
the second and third IR pulses.11 In addition, 2DIR spectra of
N2O in some additional higher density SF6 state points not pre-
viously observed (ρ∗ = 1.17, ρ∗ = 1.51) are also reported here.

Three representative N2O ν3 2DIR spectra in Xe solutions with
reduced densities ρ∗ = 0.10 (gas), 0.49 (gas), and 0.93 (SCF) as a
function of three Tw’s are shown in Fig. 3 (see the supplementary
material, Figs. S4–S12 for all additional 2DIR spectra). The short
time (Tw ∼ 0.150 ps), low-density N2O/Xe spectra closely resemble
our previously reported N2O/SF6 spectra.11,12 They consist of two
distinct, oppositely signed elongated “X”-shaped spectral features
due to a ground state bleach and stimulated emission (GSB-SE) sig-
nal (red) and an excited state absorption (ESA) signal red-shifted
along ω3 due to the ∼28 cm−1 anharmonicity of the 1 → 2 tran-
sition (blue). As Tw increases for a given solvent density, each
of these spectral features becomes more compact and symmetri-
cal in shape (Fig. 3). With increasing solvent density, the initial
“X” patterns become less distinct, consistent with faster relaxation
(vide infra). While elongated spectral features along the diagonal
(ω1 = ω3) are characteristic of an inhomogeneously broadened res-
onant transition in condensed phase 2DIR spectra,88 the diagonal
(along or parallel to ω1 = ω3) and anti-diagonal (∼perpendicular to
ω1 = ω3) GSB-SE or ESA intensity features in the 2DIR spectra of
free rotors arise from the ΔJ = ±1 absorption selection rule for rovi-
brational transitions (parallel polarized band). Thus, phenomeno-
logically, evidence of elongated anti-diagonal character is the key
2DIR spectral feature that identifies quasi-free rotor population in
a sample ensemble.11,12

Modeling the fluctuation dynamics of these rovibrational spec-
tral features as a stochastic process characterized by an exponen-
tially decaying transition frequency–frequency correlation function
(FFCF), ⟨δω(t)δω(0)⟩, yields a J-scrambling or RER time (τc)
describing how rapidly the rotational degrees of freedom of the reso-
nant system return to thermal equilibrium.11,12 The Tw dependence
of these diagonal and anti-diagonal rovibrational 2DIR spectral fea-
tures is used to determine τc at each solvent state point via the
center line slope (CLS) methodology.89 2DIR determined and the
corresponding best-fit CLS decays are shown in Fig. 3 for these
representative spectra. The CLS slope values that start at posi-
tive/negative values at the shortest Tw times and then decay to ∼0
correspond to fluctuation dynamics evident from the diagonal/anti-
diagonal 2DIR features.11 (CLS decays and best-fits for all studied
state points are given in the supplementary material, Figs. S4–S12).
2DIR CLS decays at all Xe and SF6 state points are well-fit by a
single exponential decay time, τc, and a small (∼5%), positive con-
stant offset. The contribution of liquid-like or hindered rotor N2O
solute species where J is no longer a good quantum number appears
near the center of these “X” GSB-SE and ESA features and will grow
in intensity as the density increases, paralleling the concentration
dependence of the central feature of the absorption spectra (Figs. 1
and S1). However, by excluding these central regions from the CLS
analysis, the reported Tw dependence of the CLS decays unam-
biguously reports on the quasi-free rotor energy relaxation (RER)
dynamics of N2O molecules in the sample ensemble. The small
positive CLS offsets do not systematically scale with density or the
solvent type (Xe vs SF6) and do not appear in modeled 2DIR spec-
tra,11 and they are thus currently attributed to background scattering
contributions.

The 2DIR determined timescales of N2O RER, τc, are given
in Tables II and III for Xe and SF6 solutions, respectively. These
are averages for the diagonal and anti-diagonal 2DIR Tw depen-
dence at each density. Over the Xe low-density gas to SCF
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FIG. 3. Representative 2DIR spectra and corresponding CLS decays of the N2O ν3 asymmetric stretch fundamental in Xe at three isothermal (T = 18 ○C = 1.005Tc)
reduced density state points in the gaseous and SCF region: (a) ρ∗ = 0.10 (gas); (b) ρ∗ = 0.49 (gas); and (c) ρ∗ = 0.93 (SCF). 8% intensity contours are shown for all 2DIR
spectra. Red contours correspond to the positive-going GSB-SE component and blue contours correspond to the negative-going ESA component red-shifted along ω3 by
the 1-2 vibrational transition anharmonicity (∼28 cm−1). See the supplementary material for 2DIR spectra at the other reported Xe state points and two additional N2O in
SF6 SCF solutions.

ρ∗ = 0.10–1.33 range, the RER decay times vary from 22.8 ± 1.8 to
0.7 ± 0.1 ps, decreasing by a factor of ∼30. By comparison, in the SF6
ρ∗ = 0.16–1.51 density range, τc varies from 9.5 ± 0.5 to 0.9 ± 0.1 ps,
decreasing by ∼10-fold.

For N2O in liquid Xe solutions at T = 14 ○C (ρ∗ = 1.55), no
anti-diagonal 2DIR character can be detected at even the shortest

Tw (150 fs) time and the 2DIR spectra exhibit no Tw depen-
dence (Fig. 4). Only a typical 2DIR pattern of a fully symmetrized
purely vibrational feature is observed for the N2O/Xe solution at
this state point. This observation is consistent with no free N2O
rotors being present in these liquid Xe solvent solutions and the
pure vibrational transition dephasing dynamics being in the fast
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TABLE II. Summary of experimental and calculated results for N2O ν3 mode in Xe at T∗ = 1.005 (291.2 K).

Physical
state

Pressure
(atm)

Xe reduced
density, ρ∗

Xe absolute
density (M) τc (ps)b τcoll (ps) Zrot (ps)

Gas

17.3 0.10 0.81 22.8 ± 1.8 10.2 2.2 ± 0.2
25.1 0.15 1.26 16.8 ± 1.4 6.6 2.5 ± 0.2
46.9 0.37 3.11 6.6 ± 0.5 2.7 2.4 ± 0.2
53.3 0.49 4.12 4.4 ± 0.2 2.0 2.3 ± 0.1
57.0 0.62 5.21 3.0 ± 0.3 1.6 1.9 ± 0.2

SCF

57.7 0.66 5.60 1.9 ± 0.2 1.5 1.3 ± 0.1
58.5 0.75 6.31 1.2 ± 0.2 1.3 0.9 ± 0.2
59.0 0.87 7.30 1.0 ± 0.15 1.2 0.8 ± 0.2
59.2 0.93 7.81 0.8 ± 0.1 1.1 0.7 ± 0.1
61.0 1.33 11.17 0.7 ± 0.1 0.8 0.9 ± 0.1

Liquidc 59.3 1.55 13.05 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅

aSCF T > Tc , P > Pc ; Gas T > Tc , P < Pc ; Liquid T < Tc , P < Pc .
bAverage of diagonal and anti-diagonal CLS decay constants.
cTemperature for liquid Xe 14 ○C, T∗ = 0.99. No free rotor character detected in 2DIR of liquid solution.

modulation limit where no spectral diffusion is evident.90,91 Anal-
ogously, no free rotor or evidence of spectral diffusion was observed
for N2O in liquid SF6 solutions at T = 20 ○C (ρ∗ = 1.87) as
well.12

These results further demonstrate that 2DIR provides dynam-
ical timescales inaccessible from analysis of the corresponding lin-
ear FTIR spectra. For example, the 2DIR determined RER decay
time (τc) is 1.2 ps in a ρ∗ = 0.75 Xe solution, and at ρ∗ = 1.33,
τc = 0.7 ps. The corresponding N2O ν3 absorption spectra in Xe
(Fig. 1) are nearly identical at these densities although the RER rate
changes by nearly a factor of two. Furthermore, 2DIR analysis found
no evidence for free rotors in the liquid Xe (ρ∗ = 1.55) sample,
yet the liquid Xe FTIR spectrum is nearly the same as those for ν3
absorption in Xe when ρ∗ > ∼0.75 (Fig. 1).

IV. DISCUSSION

A. Rotational energy relaxation dynamics
N2O free rotor populations were detectable by 2DIR spec-

troscopy at all the dense gas and supercritical state points studied
in both solvents. The corresponding CLS determined rates (1/τc)
of N2O RER in SF6 and Xe are plotted as a function of solvent
concentration (M) and reduced density (ρ∗) in Figs. 5 and 6, respec-
tively. At low solvent densities, a simple IBC model description is
found for both Xe and SF6 solutions. At higher SF6 densities, the
“three-regime” density dependence, often observed in other den-
sity dependent spectroscopic studies of SCFs along near critical
isotherms, is evident for RER rates in SF6 (Fig. 5). However, a very
different density dependence without a plateau region is observed

TABLE III. Summary of experimental and calculated results for N2O ν3 mode in SF6 T∗ = 1.01 (322 K).

Physical
statea

Pressure
(atm)

SF6 reduced
density, ρ∗

SF6 absolute
density (M) τc (ps)b

τcoll
(ps) Zrot (ps) T1 (ps) c Zvib (ps)

Gas 17.0 0.16 0.82 9.5 ± 0.5 6.7 1.5 ± 0.1 108 ± 8.7 16.1 ± 1.3
26.0 0.30 1.51 6.0 ± 0.4 3.6 1.7 ± 0.1 39.7 ± 3.3 11.0 ± 0.9
37.9 0.67 3.43 2.8 ± 0.3 1.7 1.6 ± 0.2 ⋅ ⋅ ⋅

d
⋅ ⋅ ⋅

d

38.8 0.86 4.41 2.4 ± 0.2 1.5 1.6 ± 0.1 21.4 ± 2.0 14.2 ± 1.3

SCF 39.1 0.99 5.06 2.3 ± 0.1 1.4 1.6 ± 0.1 16.6 ± 2.1 11.9 ± 1.5
40.0 1.17 5.79 1.9 ± 0.1 1.0 1.9 ± 0.1 14.7 ± 1.2 14.7 ± 1.2
41.3 1.36 6.94 1.4 ± 0.1 0.8 1.8 ± 0.1 11.1 ± 1.8 13.9 ± 2.3
47.0 1.51 7.70 0.9 ± 0.1 0.7 1.3 ± 0.1 11.0 ± 1.7 15.7 ± 2.4

Liquide 22.0 1.87 9.58 ⋅ ⋅ ⋅ 0.6 ⋅ ⋅ ⋅ 6.1 ± 0.7 10.2 ± 1.2
aSCF T > Tc , P > Pc ; Gas T > Tc , P < Pc ; Liquid T < Tc , P < Pc .
bAverage of diagonal and anti-diagonal CLS decay constants.
cFastest pump–probe component of a two-component decay fit.
dNo VER data available for this state point.
eTemperature for liquid SF6 20 ○C, T∗ = 0.92. No free rotor character detected in 2DIR of liquid solution.
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FIG. 4. 2DIR spectra of N2O in liquid Xe (T = 14 ○C, T∗ = 0.99, ρ∗ = 1.87) for two
representative waiting times, Tw = 0.15 and 0.5 ps. No free rotor character, i.e.,
anti-diagonal features and no spectral diffusion dynamics are detectable at this
density. Some diagonal (i.e., along ω1 = ω3) scatter is evident at this high-density
state point.

for the N2O RER rate in Xe as the solvent density approaches the
critical point (Fig. 6). These collisional dynamics are quantitatively
described below.

1. IBC regime
The N2O RER rates (1/τc) are found to be linearly dependent

on solvent concentration in the lower solvent density regime for
ρ SF6 and ρXe. A linear best fit to these 2DIR CLS decays (1/τc) at
these lowest bath densities is the resulting red dashed line shown
in Figs. 5 and 6. Rate constants for N2O RER (krot) in the sol-
vent density region adequately described by a simple IBC model
given by the slope of these best-fit lines are 1.70 × 10−10 and
8.9 × 10−11 cm3 s−1 molecule−1 in SF6 and Xe, respectively
(Table IV). These krot rate constants in the IBC density regime

FIG. 5. 2DIR determined N2O rotational energy relaxation (RER) rates (1/τc) as a
function of SF6 concentration (reduced density ρ∗ at the top and molarity at the
bottom scale) for a T∗ = 1.01 isotherm (48 ○C). Arrow indicates SF6 density at
the critical point (ρc = 5.01M). Dashed red line corresponds to the result obtained
from linear best fit to lowest density rates ([SF6] ≤ 3.43M). Gas (green, P < Pc)
and SCF (blue, P > Pc) state points are indicated.

FIG. 6. 2DIR determined N2O rotational energy relaxation (RER) rates (1/τc) as
a function of Xe concentration (reduced density ρ∗ at the top and molarity at the
bottom scale) for a T∗ = 1.005 isotherm (18 ○C). Arrow indicates Xe density at the
critical point (ρc = 8.4M). Dashed red line corresponds to the result obtained from
linear best fit to lowest density rates ([Xe] ≤ 4.12M). Gas (green, P < Pc) and SCF
(blue, P > Pc) state points are indicated.

correspond to N2O RER cross sections (σRER) of 38.0 (SF6) and
20.7 (Xe) Å2/molecule (Table IV). σRER = krot/ν and the temperature
and mass dependent mean relative velocity is ν = (8kBT/πμAB)1/2.
μAB is the reduced mass of the A, B collision pair and the other sym-
bols have their usual meaning. Thus, the 2DIR determinedN2ORER
rate constant/cross section is nearly a factor of 2 larger in SF6 than
in Xe at their respective experimental state points [krot(SF6)/krot(Xe)
= 1.91].

In the simplest IBC treatment, the energy transfer rate is just
proportional to the product of the density dependent collision fre-
quency and temperature dependent probability per collision. In such
a treatment, a hard sphere model analysis can be used to character-
ize the collisional efficiency of this process and identify some factors
that can account for the observed RER rate solvent difference. The
collision frequency (s−1), or equivalently the inverse of the mean
free collision time (νcoll = 1/τcoll) between solute A and solvent B at
infinite dilution, is given by

νcoll = NoρBσABνAB, (1)

where ρB is the solvent molarity, No is the Avogadro’s number,
and σAB is the geometric cross section approximated by σAB = πd2AB

TABLE IV. 2DIR determined rates of N2O rotational energy relaxation in the IBC
region.a,b

Solvent T (K)
kRER

(cm3 s−1 molecule−1)
kRER

(s−1 M−1)
σRER

(Å2/molecule)

SF6 321 1.70 × 10−10 1.02 × 1011 38.0
Xe 291 8.90 × 10−11 5.36 × 1010 20.7
a[SF6] ≤ ∼3.4 M, [Xe] ≤ ∼4.1 M.
bEstimated krot uncertainty ±15% given by 95% fitting confidence limits.
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where dAB = rA + rB is the hard sphere distance between solute
(A) and solvent (B) molecular centers.25 A range of empirically
and theoretically based estimates for hard sphere dimensions for
N2O, Xe, and SF6 can be found in the literature and are sum-
marized in Table V. Here, we take an average of these values to
determine dAB. From these parameters and the observed rate con-
stants, N2O RER in these simple solvents is found to be a rapid
and efficient process in the IBC regime corresponding to 1.7 and
2.4 collisions (Zrot) in SF6 and Xe, respectively, where the 2DIR
determined krot gives Zrot =

σABν
krot

. Typical Zrot values in the liter-
ature range from 1 to 621,92–95 and while our data fall in this
range, 2DIR analysis provides greater precision in calculating Zrot
(Tables II and III).

The 2DIR determined rate constants, krot , and the corre-
sponding RER cross sections, σRER, are of the order of previous
RER measurements (1–100 Å2/molecule) given by state-to-state
observations13,17,18,20,25,96 although here they are a measure of the
J-averaged rotational population return to thermal equilibrium.
However, the 2DIR rates are given for solvent concentrations much
greater than possible for state-to-state determinations.

The RER rates and collision partner dependence found by 2DIR
may also be more closely compared to the nonoptical measurement
of rotational dynamics given by NMR T1 spin relaxation times. The
decay time of the ensemble averaged angular momentum corre-
lation function, τJ , and the corresponding cross section given by
σJ = (ρντj)−1 can be related to the ∼millisecond NMR T1 timescale
such that 1/T1 ∝ τJ .29–33,97–99 Aside from the relative merits of each
approach for determining picosecond timescale dynamics, σJ should
be larger than σRER for a given dilute solute–bath system because
both orientational and rotational energy transfer processes con-
tribute to τJ in contrast to the 2DIR results. Indeed, the value for
σJ reported by NMR studies for N2O in Xe gas solutions at ∼300 K
is 65 Å2/molecule32 as compared to the value 20.7 Å2/molecule
found by the direct time-domain 2DIR measure of N2O RER in
Xe. Thus, given the disparate experimental timescales, millisec-
onds (NMR) vs subpicosecond (2DIR), and the additional NMR
orientational relaxation contribution, these results are consistent.
Furthermore, after correcting for hard sphere diameter differences,
NMR analysis found that N2O J relaxation was ∼14% more effi-
cient in SF6 than in Xe. This is consistent with the 2DIR trend
uncovered here. Furthermore, the values for σJ given by NMR spin
relaxation measurements are 50.0 and 30.8 Å2/molecule for CO,
another small dipole molecular probe (CO 0.12 D, N2O 0.16 D), in
SF6 and Xe solutions, respectively. After accounting for hard sphere

TABLE V. Hard sphere radii (Å).a

Reference N2O Xe SF6 dN2O,SF6
2/dN2O,Xe

2

HCB111 1.95 2.03 2.75 1.39
KDb,112,113 1.65 1.98 2.75 1.48
JJ32 1.85 1.96 2.63 1.38
RAS114 1.91 2.02 2.56 1.29
Average 1.84 2.00 2.67 1.38

adN2O,SF6
2
= (rN2O + rSF6 )

2 ; dN2O,Xe
2
= (rN2O + rXe)2 .

bKinetic diameters.

geometrical factors, CO J relaxation appears to be ∼20% more
efficient in SF6 than Xe similar to the results reported here.97

As indicated above, the N2O RER rate given by 2DIR analy-
sis is 1.9 times faster in SF6 than in Xe in the density regime where
IBC model dynamics are observed. Given krot ∝ σABνAB, the higher
temperature of the SF6 solutions can account for only ∼5% of the
increase in the RER rate relative to Xe. The difference in reduced
solute–solvent mass results in a ∼1% slower rate for SF6 compared
to the very slightly lighter Xe. However, the larger size of SF6 relative
to Xe (Tables I and V) accounts for a more significant contribution
to the faster N2O RER rate in SF6 in this hard sphere description.
Using the averaged hard sphere diameters (Table V), the geometric
factor σAB accounts for ∼40% faster RER rate in SF6 relative to Xe.
Thus, taking effects of temperature, mass, and hard sphere diameter
into account, the observed N2ORER cross section is still ∼30%more
efficient for N2O in SF6 than Xe.

The larger rotational energy transfer efficiency resulting from
N2O–SF6 collisions relative to N2O–Xe collisions may be attributed
to two significant factors. The RER process in Xe at infinite dilution
is solely determined by intermolecular N2O–Xe rotation to transla-
tion or translation to rotation (R↔ T) collisional energy exchange.
However, the RER process in SF6 can proceed through both R↔ T
and R↔ R processes, or R,T↔ R′, T′ collisional energy exchange
more generally.13,96,100 The internal rotational energy states of the
molecular solvent (SF6) as compared to the monoatomic (Xe) bath
provides a more entropically favorable partner for collisional energy
relaxation/transfer at finite temperatures (∼300 K) of these solutions.
Given that 351 cm−1 is the lowest frequency normal mode of SF6, R
↔V energy transfer is not expected to play a role in the RER process
of interest here. Electronic factors, however, could also play a role in
enhancing the rate of rotational energy exchange in SF6 relative to
Xe. In contrast to the atomic Xe collision partner, SF6 has a hexade-
capole moment.101 This permanent charge distribution contributes
to the angular anisotropy of the interaction potential, which is
known to be responsible for rotational energy transfer allowing addi-
tional torque to be generated upon collisional interactions.13,25,32

Furthermore, the larger (∼12%, Table I) SF6 polarizability coupling
to the relatively weak N2O dipole (μ = 0.16 D) may also contribute
to the enhanced N2O rotational energy transfer rate in SF6.

This difference in RER efficiency is reminiscent of differences in
RER described for smooth and rough hard sphere model in the early
theoretical description of rotational and translational energy trans-
fer in dense fluids resulting from binary collisions resulting from
harsh repulsive forces.102,103 Smooth and rough hard spheres dif-
fer in their efficiency to couple translational and rotational motion
in binary collisions. Perfectly smooth hard spheres correspond to
no coupling.104,105 For perfectly rough hard spheres, molecules grip
each other without slipping during a collision, allowing maximal
efficiency in the transfer of rotational angular momentum and rota-
tional energy.32,33 In this context, SF6 is closer to the rough hard
sphere limit than Xe and hence exhibits a more efficient rotational
energy transfer rate.

2. IBC breakdown, three-regime behavior,
and the onset of many body effects

Simple IBC breakdown for N2O RER, signaling the onset of
many body effects, occurs at only slightly different densities for SF6
(∼3.4 M) and Xe (∼4.2 M) solutions along their respective isotherms
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(Figs. 5 and 6). The slightly lower IBC breakdown density in SF6
relative to Xe is consistent with van der Waals estimates of second
virial coefficients (B2 Table I) or excluded volume considerations for
these two fluids. Furthermore, a Q-branch-like pure vibrational fea-
ture attributed to a hindered rotor N2O population in the ensemble
becomes evident in N2O ν3 absorption spectra at ∼4M solvent con-
centration in both Xe and SF6. This observation is consistent with
the onset of many body effects on RER rates and IBC breakdown at
the same densities.

The onset of many body effects (∼4 M), however, results in
qualitatively different RER density dependencies in these two non-
dipolar, spherical solvents (Figs. 5 and 6). A more traditional “three-
regime” density dependence is observed for RER as a function of
SF6 density where a plateau region well below the solvent’s criti-
cal density is observed. However, the N2O RER rates in Xe along
a near critical isotherm increase more rapidly than linear density
dependence would predict, consistent with a detectable contribu-
tion of many body effects to the energy fluctuation dynamics of
the free rotors in the ensemble. The RER rate continues to dra-
matically increase as the Xe critical point is approached at 8.4 M
(Fig. 6). In contrast, N2O RER rates in SF6 decrease relative to the
linear density dependence of the lower concentration state points
where many body effects appear to contribute to the solvation of
this solution. The RER rates are slower than the IBC extrapolated
values for reduced densities in the range of ∼0.8 ≤ ρc ≤ ∼1.4 or for
SF6 concentrations from ∼4 to ∼7 M for this near critical isotherm,
T∗ = 1.01. Beyond ∼7M SF6 (or ρ∗ = ∼1.5), the RER rate exceeds the
IBC extrapolated values consistent with multiple collisions enhanc-
ing rotational energy transfer for the rotor population, as found for
the Xe density trends when IBC breakdown occurs. Although pre-
liminary evidence for a plateau in the density dependence of the N2O
RER in SF6 indicative of the onset of long-time fluctuations near the
critical point has been reported earlier,12 the additional higher den-
sity state points at 5.79 M (ρ∗ = 1.17) and 7.70 M (ρ∗ = 1.51) provide
additional accuracy to this 2DIR detected phenomenon, under-
scoring the qualitatively different solvent density dependence in
Xe and SF6.

The key solvent property that distinguishes these two solva-
tion effects at densities when many body effects become important
is the proximity to the critical region for these isotherms. For SF6
solutions, IBC breakdown initially occurs at a density close to the
critical point (ρ∗ = ∼0.8, ∼4 M); in Xe, many body effects are
evident at about the same absolute density as for SF6 (∼4 M); how-
ever, this concentration (∼4 M) is further from the critical density
(ρ∗ = ∼0.5) of Xe. Hence, the effects of long-range spatial correla-
tions that characterize supercritical fluids for temperature near Tc
will have a significantly smaller impact on N2O solvation in Xe when
many body effects just start to be important. In contrast, the 2DIR
derived fluctuation rates suggest that for the free rotor N2O popu-
lation in SF6, at the near critical density where IBC breakdown is
occurring and many body effects are evident, there is coupling of the
local solvation environment to the critical fluctuation dynamics of
the solvent resulting from the developing long-range spatial correla-
tions. This effect appears at ρ∗ = ∼0.8 in SF6 and is centered near
ρ∗ ∼ 1 where such density fluctuation correlations are maximal
and the fluctuation timescale is the slowest.64,65,106 Such coupling
between the longer length scale critical fluid dynamics and local
solvation, here RER collision dynamics, have been described in

previousMD simulation studies,63,67,107 and they can account for the
critical slowing observed here directly in the 2DIR direct measure of
fluctuation dynamics in the N2O local solvation environment.

In contrast, this coupling is not effective in Xe solutions. As
noted above, many body effects on the N2O RER dynamics in Xe
are evident at approximately the same absolute number density as
for SF6 solutions; but, this corresponds to a lower Xe reduced den-
sity. Thus, as the Xe solvent density approaches that of the critical
region, say ρ∗ ∼ 0.8, where critical slowing effects are evident for SF6;
these additional many body interactions appear to provide a shield-
ing effect from the longer range density correlations for N2O in Xe
solutions as they couple to the local N2O RER collision mechanism.
As a consequence of this proposed shielding effect, the three-density
regime behavior, i.e., a plateau in RER rates, is not observed for these
Xe solutions at least as measured by the 2DIR energy fluctuation
dynamics of the N2O free rotor population. Finally, as shown pre-
viously,12 the 2DIR determined J-scrambling rates can be used to
identify separate quasi-free rotor (gas) and hindered rotor contribu-
tions to the observed N2O ν3 absorption spectrum at each solvent
density.

B. Vibrational energy relaxation
The solvent and density dependence of the vibrational energy

relaxation of the N2O ν3 fundamental can be contrasted with that
of the corresponding 2DIR determined RER rates. Only the dis-
persed magic angle pump–probe response on the blue side of the
ν3 GSB-SE signal is used to determine the VER kinetics reported
here. In the dense gas and SCF solutions, the pump–probe response
in this spectral region is dominated by N2O molecules in the more
gas-like solvent environments, allowing for comparison with the
sample ensemble population giving rise to the RER dynamics (Figs. 1
and S1). As shown previously, one-color, magic angle pump–probe
responses resonant with the N2O ν3 = 1 vibrational level (0 0 1)
exhibit a bi-exponential decay in the gas, SCF, and liquid SF6 phase
solutions studied12 [(n1 n2 n3) corresponds to n1 quanta in the ν1
mode etc.]. The observed density dependent pump–probe responses
were well-fit by a two-step kinetic model corresponding to the initial
collision induced N2O intramolecular decay from the pump-excited
asymmetric ν3 to the symmetric ν1 stretchingmode, (0 0 1)→ (1 0 0),
and a second much slower decay component due to the relaxation of
the subsequently populated intermediate N2O ν1 level to the ground
state, (1 0 0) → (0 0 0), via solvent collisions. The bi-exponential fit
(red) and the two components (blue and green) contributing to this
VER model are illustrated in Figs. 7(a) and 7(b) for N2O in two rep-
resentative SF6 solvent densities (ρ∗ = 0.16, 0.81 M and ρ∗ = 1.51,
7.7 M). The faster relaxation of the initial decay component (blue) is
attributed to the resonance of theN2O ν3–ν1 energy gap (∼940 cm−1)
and the highest frequency SF6 fundamental, an asymmetric stretch-
ing mode at 948 cm−1, enabling a resonant V → V solute–solvent
collisional energy transfer process. Lacking a single SF6 vibrational
mode matching the (1 0 0)→ (0 0 0) energy gap, relaxation from the
N2O (1 0 0) symmetric ν1 level to the ground state is governed by a
higher order process; hence, the VER rate for this ν1 component is
consistent with the experimentally determined ∼30–40 times slower
second decay in the observed pump–probe response (green).12 Since
quantitative measures of this slower decay were beyond the current
dynamic range of our experimental setup, only the rates associated
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FIG. 7. Representative one-color magic angle pump–probe spectra of the N2O ν3
asymmetric stretch mode in near critical density for (a) SF6 at ρ∗ = 0.16, 0.82
M, (b) SF6 at ρ∗ = 1.51, 7.7 M, (c) Xe at ρ∗ = 0.10, 0.81 M, and (d) Xe at ρ∗
= 0.93, 7.8M. The two best-fit determined contributions (in blue and green) to the
bi-exponential total decay (red) are shown for the SF6 solutions. In contrast, in Xe
solutions, only a slight decay (∼5%) is observed on a 200 ps timescale for the
highest density solution (d). The two-component kinetic fit plotted in (b) has been
described previously.1 The ν3 ν = 1 lifetime is ∼300 times slower in Xe than SF6.

with the faster VER component will be considered here. However,
after excitation of the N2O ν3 rovibrational band in SF6, rotational
equilibrium is re-established on the timescale of picoseconds and full
vibrational relaxation is complete on the timescale of nanoseconds.12

1. N2O ν3 VER in SF6
The best-fit determined initial decay rates (1/T1) of the N2O

ν3 (0 0 1) level are plotted as a function of SF6 density in Fig. 8.
ν3 vibrational lifetimes from 108 to 6.1 ps are observed across the
studied SF6 density range (Table III). Analogous to the 2DIR results,
N2O ν3 pump–probe measurements at two additional SF6 state
points in the near critical region at 5.79 M (ρ∗ = 1.13) and 7.7 M
(ρ∗ = 1.51) were carried out here in addition to the previously
reported SF6 state points in order to also better define the VER
dynamics in the SCF region.12 Note the corresponding N2O vibra-
tional population decay in the SF6 liquid, ρ∗ = 1.87, 9.78 M
(T = 293 K), is also included in this figure. The red dashed line in
Fig. 8 is the best fit of a simple density dependent IBC model to the
lowest gas phase SF6 densities for this near critical isotherm. This
VER treatment is analogous to that shown for RER results in Fig. 5.
The corresponding rate constant (kVER) for this initial N2O VER in
SF6 (slope of red dashed line) is 2.6× 10−11 cm3 s−1 molecule−1 in the
lower density region. kVER is thus a factor of ∼7 smaller than the cor-
responding RER rate constant kRER in the density regime where IBC
kinetics are observed (Table III). The resonant V→V solute–solvent
energy transfer mechanism accounting for the faster initial decay
component results in a N2O ν3 vibrational lifetime corresponding to
∼12 N2O–SF6 collisions as compared to the 1.7 collisions required
for re-establishing rotational equilibrium.

FIG. 8. VER rate of the N2O ν3 mode (1/T1) corresponding to the initial
pump–probe decay as a function of SF6 concentration (M) and ρ∗. The dashed
red line is the linear best fit to the lowest density state points and represent the
predicted rates of VER resulting from a simple IBC model.

Even for the more limited precision of the VER rates, owing to
the 200 ps range of our current 2DIR focused experimental system
and the bi-exponential pump–probe decay character, the N2O ν3
VER density dependence in SF6 differs qualitatively from that found
for the 2DIR determined RER rates (Fig. 5), apart from the quan-
titatively slower VER timescale. The rate of VER slightly decreases
below the simple IBC predicted rates as seen for RER processes for
densities where many body effects become evident in SF6 (∼3.4 M).
However, as the solvent density increases from ρ∗ = 0.86 (4.41 M)
to ρ∗ = 1.51 (7.70 M), VER rates exhibit a nearly linear density
dependence in this SCF density regime. The observed VER den-
sity dependence contrasts to the slowing and then enhanced rates
seen for RER at the same SF6 densities (Fig. 5). The different RER
and VER density dependence in the region where many body effects
appear may be attributable to the longer timescale and different col-
lisional mechanisms, R ↔ T vs resonant V ↔ V, controlling the
relaxation of these different internal degrees of freedom. Thus, the
role of local critical slowing effects resulting from the long correla-
tion length scale density fluctuations characteristic of compressible
SCFs in near critical regions is less evident for VER than for RER
in this solute–solvent system. Furthermore, the N2O ν3 VER rate in
SF6 liquid (Fig. 8) is relatively well captured by an IBCmodel density
dependence over the dilute gas to liquid density range. Inclusion of
the radial pair distribution into the VER rate expression, as carried
out for VER in other dense gas, near critical, and supercritical solu-
tion studies,29,49,52,53,55 may provide better quantitative agreement
between the IBC modeled and observed VER rate density depen-
dence for this solution system. However, the main conclusions to
be drawn here are that N2O VER and RER have a different den-
sity dependence in SF6 solutions and the critical density fluctuations
are less effectively coupled to the local solvation dynamics relevant
for the relaxation of vibrational energy than for RER of N2O ν3 in
supercritical SF6 along this T∗ = 1.01 isotherm.

In a previous set of pump–probe measurements of the T1u
asymmetric CO stretching mode of W(CO)6 in C2H6, CO2,
and CHF3 as a function of solvent density for a near critical
isotherm, characteristic three-regime behavior with a plateau in the
ρ∗ = 0.8–1.2 region was observed.39 Although this near critical
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behavior phenomenologically resembles a critical slowing effect for
T1, the density independence around ρ∗ ∼ 1 was attributed to a can-
cellation of structural and thermodynamic quantities in the near
critical regime and not explicitly on dynamic factors, or enhanced
local solvent clustering, at these state points.39,44,50,51 In contrast,
the 2DIR analysis directly reports on fluctuation timescales and
the plateau region for N2O RER in SF6 (Fig. 6) is attributable to
the local solvation coupling to the solvent’s critical slowing fluctu-
ations. Although three-regime density dependence is not observed
for N2O VER in SF6, the apparent lack of coupling of this VER
process to the same explicit critical dynamics effects in SF6 evident
for RER is at least in formal agreement with the VER description
given for W(CO)6 in that solvation fluctuation timescales are not
directly evident from the VER density dependence. In other vibra-
tional lifetime studies of near critical water solutions, a modified
IBC model description was found to match the observed temper-
ature and density dependent T1 measurements. However, no near
critical (T∗ ∼ 1.01) isotherms were examined in these previous stud-
ies and three-regime behavior, as found for the W(CO)6 lifetime,39
was not observed.52,53,55

2. N2O ν3 VER in Xe
Analogous dispersed, magic angle pump–probe measurements

of the N2O ν3 VER kinetics in Xe solutions with solvent densities
ranging from ρ∗ = 0.10 (0.81 M) to 0.93 (7.8 M) along the near crit-
ical T∗ = 1.005 isotherm were obtained. The goal was to contrast
these responses with the corresponding VER dynamics in SF6 solu-
tions and with the N2O RER in Xe and SF6. In striking contrast to
the pump–probe decays in SF6 solutions [Figs. 7(a) and 7(b)], no sig-
nificant N2O ν3 vibrational population decay is observed in these Xe
solutions up to the longest delay times measured (200 ps) as shown
for N2O pump–probe responses in ρ∗ = 0.10 (0.81 M) and ρ∗ = 0.93
(7.8 M) Xe solutions [Figs. 7(c) and 7(d)]. This figure highlights the
drastically different VER times in these two solvents.

Given the prior explanation of the N2O ν3 VER process in
SF6,12 this result is not surprising. In the absence of any vibra-
tionally resonant or nonresonant V→ V (or V→ R) energy transfer
mechanism possible in the Xe solvent, only V → T processes can
account for VER of infinitely dilute N2O in Xe solutions. Thus, the
very slow pump–probe decays in Xe solutions is consistent with
the proposed resonant V → V mechanism for N2O ν3 VER in SF6.
V → T energy transfer is much less efficient than resonant V → V
processes25 and this can be readily understood by Fermi golden rule
considerations. Only in the highest Xe concentration observed in
this current study, 7.8M (ρ∗ = 0.93), is a small pump–probe decay
resulting in ∼5% ΔOD reduction after 200 ps observed [Fig. 7(d)].
This corresponds to an estimated ν3 vibrational lifetime of ∼2.5 ns
or initial VER rate constant kVER ∼ 8.5 × 10−14 cm3 s−1 molecule−1

at this Xe density. Hence, the N2O ν3 lifetime is ∼300 times slower in
Xe relative to SF6 at comparable densities (Table III). These dramat-
ically different VER relaxation results in SF6 and Xe illustrate how
much more sensitively dependent VER is on the quantum structure
of the solute–solvent system relative to RER. In particular, the res-
onant vibrational gaps offered by the internal degrees of freedom
of SF6 accelerate the loss of energy in the optically prepared excited
state by several orders of magnitude relative to V → T mechanisms
alone in Xe. Furthermore, given this T1 (2.5 ns) estimate and the
2DIR determined CLS decay at this same Xe density (τc = 0.8 ps,

Table II), rotational equilibrium is established at least ∼3000 times
more rapidly than vibrational equilibrium for N2O in Xe at this near
critical state point.

V. CONCLUSIONS
These experimental results demonstrate how ultrafast 2DIR

spectroscopy can be an effective technique for learning about rota-
tional energy transfer in solutions from the low-density regime,
where IBC dynamics are evident, through the critical region where
the dynamical effects resulting from the long-range density correla-
tions are found and at even higher SCF densities where many body
effects dominate. Although a simple IBC model description is suffi-
cient up to solvent densities of ∼4M for the systems studied here, the
RER dynamics of N2O in two similar non-dipolar solvents, Xe and
SF6, show very different concentration dependence as the critical
density is approached. The slower density fluctuations accompany-
ing the longer length scale density correlations couple to the local
N2O free rotor environments and result in slower rotational energy
transfer rates in SF6 at a density near the critical density (ρ∗ ∼ 0.8).
Many body effects, e.g., IBC breakdown and a distinct Q-branch-
like feature in the FTIR spectrum, also appear in N2O solutions
at this same ∼4 M SF6 solvent density. Although the same many
body effects are evident at approximately the same number density
(∼4 M) in Xe, this density is much further from the critical point
and many body interactions appear to shield the N2O rotors from
coupling to the long correlation length fluctuations. 2DIR studies
of N2O ν3 RER as a function of SF6 density at higher temperatures,
T > 1.1T∗, will be carried out to test the critical fluctuation coupling
hypothesis described here. Long-scale density fluctuations diminish
in importance at these higher temperatures.39,64–66

The effects of critical slowing on RER might be expected to be
evident for N2O in near critical solutions of carbon tetrachloride
(ρc = 3.62 M), propane (ρc = 5.1 M), and dichlorodifluoromethane
(ρc = 4.67 M), where the critical density, like that of SF6 (ρc = 5.1 M),
is relatively low and close to the solvent concentration where many
body effects begin to be evident for N2O in SF6 and Xe solutions. In
contrast, no critical slowing effects would be expected for N2O RER
in near critical CO2 solutions where the critical density (10.63 M)
is even greater than that of Xe and, thus, shielding effects are
expected to dominate given the mismatch in density anticipated for
where IBC breakdown will occur and ρc for CO2.

While spectral shifts and line broadening effects consistent
with local density augmentation in near critical solutions have been
observed, such measurements do not reveal direct dynamical infor-
mation. To our knowledge, these 2DIR based results are the first
direct experimental measures showing the influence of the critical
point fluctuations, arising from the special long-range spatial corre-
lations at near critical state points, to manifest dynamics, here RER,
on a local, i.e., molecular, length scale. Vibrational peak shifts, a
widely observed and analyzed spectroscopic measure of solvation
effects in the critical point region, do not show the solvent spe-
cific effects of critical slowing in SF6 and Xe solutions as this report
demonstrates and this further serves to highlight the potential power
that 2DIR can bring to the study of critical properties in solutions.

N2O RER is a highly efficient process. Following ν3 asymmet-
ric stretching, excitation of rotational equilibrium is re-established
after 1.7 and 2.4 collisions in SF6 and Xe, respectively, in the IBC
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density region and highlights the precision of the 2DIR technique
for quantitating rotational dynamics in dense media. The ∼30%
higher efficiency in SF6 is attributed to the additional R, T ↔ R′,
T′ pathways available for the molecular collision partner. How-
ever, electronic factors, such as the SF6 hexadecapole moment or
the larger SF6 polarizability (Table I) coupling to the weak N2O
dipole, can be contributing factors as well. The relation to classi-
cal rough/smooth hard sphere models describing the exchange of
rotational and translation momentum and energy was noted, and
ongoing MD simulations will be used to further address the origins
of this Xe, SF6 efficiency difference.

The density dependence of N2OVER is also strikingly different
in Xe and SF6, and it underscores that VER has a highly variable rate
due to the inherently quantum nature (hωvib > kT) of this relaxation
mechanism. The N2O ν3 lifetime is ∼300 times shorter in SF6 than
in Xe because the internal degrees of freedom for the molecular sol-
vent have a resonant V → V relaxation pathway allowing relatively
efficient VER in SF6. Of course, no such mechanism is possible in
the inert gas solvent. Furthermore, the VER density dependence in
SF6 in the SCF region does not resemble that for RER over the corre-
sponding range. The longer VER timescale, kRER, is nearly an order
of magnitude greater than kVER for the initial VER component, and
the different character of the solute–solvent interaction required for
rotational and vibrational relaxation, i.e., collisions and many body
effects capable of changing angular kinetic energy as compared to
accepting vibrational energy, will contribute to the observed differ-
ent VER and RER density dependence in SF6. Thus, these data show
that universal scaling behavior in infinitely dilute critical solutions
may not be relevant for all energy transfer processes.

Finally, the 2DIR and pump–probe results demonstrate that
rotational and vibrational equilibria are established on very different
timescales even in liquid-like solvent/bath densities at least for small
molecular systems. While only 1.5/2.5 collisions are needed for N2O
rotations to thermalize in SF6/Xe, N2O vibrational relaxation may
take hundreds of collisions or more to return the molecule fully to
thermal equilibrium.

In a subsequent paper, we will report on MD simulation stud-
ies of the absorption and rotational and vibration energy relaxation
processes corresponding to these N2O in SF6 and Xe solutions at
the experimental state points described here. These ongoing simu-
lations are intended to provide additional evidence supporting the
proposed mechanisms for the density dependent dynamics uncov-
ered by these 2DIR and pump–probe measurements. In particular,
we will look for these computational studies to provide additional
insight for understanding the near critical solvation effects both in
terms of the timescale of the solvent critical fluctuation dynamics
coupling to the solute environment and the local density enhance-
ment description. Continuing to extend these 2DIR measurements
to other dense fluids for the same “reporter,” i.e., solute, as well as
different “reporters” in the same environments will help provide a
quantitative test for the generality of these results and uncover addi-
tional factors controlling rovibrational dynamics and near critical
solvation effects in dense fluids.

Aside from higher temperature 2DIR studies of N2O in SF6
and in more near critical point densities of Xe, N2O 2DIR spec-
tra in other accessible critical fluids will be observed for com-
parison with these two solvents. Future experimental studies will
be required to carry out 2DIR/pump–probe measurements of an

alternative solute reporter molecule (e.g., CO2, HCl) in the same
Xe and SF6 dense solvent baths testing the effects of dipole and
quadrupole interactions and larger, rotational energy spacings of the
solute.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: FTIR analysis
of the N2O ν3 band in SF6, comparison of N2O ν3 FTIR results in SF6
and Xe, expanded view of N2O ν3 vibrational absorption feature in
the 4.4 M (ρ∗ = 0.86) SF6 solution spectrum, and 2DIR spectra and
resulting CLS decays of N2O ν3 in Xe and SF6 at all solvent densities
studied.
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