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The effect of a polymeric additive
on the evaporation of organic
aerocolloidal droplets

Abstract The evaporation of single
triethyl phosphate (TEP) micro-
droplets containing a high molecular
weight polymer, poly(methyl
methacrylate) (PMAA), was inves-
tigated using an electrodynamic trap
and light scattering measurements to
explore the suppression of
evaporation by the additive. Pure-
component evaporation rates were
measured to determine the vapor
pressure over a range of temperatures,
and the polymer was found to
significantly decrease the evaporation
rate. A numerical solution of the
problem of simultaneous solvent
evaporation and polymer diffusion
within the droplet indicated a rapid
build-up of PMMA at the surface of

the drop, but vapor/liquid
thermodynamic considerations alone
do not account for the observed
reduction in the evaporation rate for
the droplets containing PMMA. After
significant evaporation of TEP
occurred, the ultra-low evaporation
rate was measured using changes in
the Raman spectra associated with
morphology-dependent resonances.
The evaporation in this regime
appears to be controlled by the rate of
solvent molecules diffusing through
the polymer matrix.
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Introduction

A variety of additives are used to alter the properties of
fuels. In this study we examined the use of high molecular
weight polymer to reduce the evaporation rate of the
oxygenated compound, triethyl phosphate. The use of
levitation techniques to study the chemistry and physics of
single aerosol particles has been extensive since the classic
experiments in which Millikan [ 1] measured the charge on
the electron by suspending oil drops electrostatically. The
electrodynamic balance (EDB), an outgrowth of the
Millikan apparatus, permits the investigation of single
microparticles, eliminating the complicating effects of poly-
dispersity, particle—particle interactions, and particle—
container interactions. Davis [2] recently reviewed the

history of microparticle levitation and its applications,
including investigations of light scattering, evaporation,
condensation, chemical reactions, phase transitions, highly
concentrated solution thermodynamics, and phoretic forces.

A number of investigators have used the elec-
trodynamic balance to measure the evaporation rate of
organic microdroplets. Taflin et al. [3] monitored the size
change of droplets composed of several different organics
using elastic light scattering measurements. Rubel [4]
studied the evaporation of multicomponent fuel droplets
consisting of a high-boiling petroleum fraction (100 pale
oil), and Ravindran and Davis [5] measured the size
change of submicrometer binary droplets composed of
dioctyl phthalate and dibutyl phthalate. Rubel [6] later
reported evaporation rates for that same binary system
using droplets an order of magnitude larger. Rubel and
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Milham [7] obtained “effective” vapor pressures of 100
pale oil by modeling the droplet as consisting of 15 “com-
ponents” and assuming ideal behavior.

By analyzing binary pairs selected from the chemicals
1-bromododecane, 1,8-dibromooctane, hexadecane, and
heptadecane, Allen et al. [8] determined activity coeffi-
cients for the mixtures. Buehler et al. [9] used Raman
spectroscopy to monitor the evaporation of binary com-
ponent aerosols, following the distillation of droplets con-
taining 1,8-dibromooctane and hexadecane by recording
the intensity of the Raman peak corresponding to the
C-Br bond in dibromooctane. Aardahl et al. [10] used
a combination of elastic and inelastic light scattering to
follow the evaporation of levitated droplets composed of
1-iododecane and 1-bromotetradecane, both of which
have Raman-active carbon-halogen bonds. Recently,
Widmann and Davis [11] reported evaporation rates for
droplets composed of four and five components. They
found that the data were in good agreement with a theoret-
ical analysis based upon the UNIFAC model for liquid-
phase activity coefficients.

The prior studies indicate that multicomponent evap-
oration rates can be predicted for systems containing rela-
tively low molecular weight compounds, but the presence
of high molecular weight components complicates the
evaporation process. This paper explores the effect of the
polymer additive, poly(methyl methacrylate) (PMMA), on
the evaporation rate of organic aerosols composed of
triethyl phosphate (TEP).

Theory
Diffusion controlled evaporation

At ambient temperature and pressure, the evapor-
ation of a liquid droplet well below its boiling point
is controlled by diffusion of vapor into the surrounding
gas. For evaporation of a single volatile component
A into carrier gas G, the evaporation process was analyzed
by Maxwell [12]. For quasi-steady state evaporation he
obtained
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where m, is the mass of the drop, a is the drop radius,
D,g is the diffusion coefficient of the vapor, A, having
molecular weight M,, in stagnant gas, G. The temperature
at the surface of the drop is T,, R is the gas constant,
pa(T,) is the vapor pressure of the liquid at temperature
T,, and px (T,) is the partial pressure of vapor in the bulk
gas at temperature T,..

For a slowly evaporating drop of density p; the evap-
oration proceeds isothermally, and Eq. (1) can be integ-
rated to give

a® = a5 — Sac(t — to) , (2)

where aq is the radius at time t,. From Eq. (2), a plot of a?
versus time should yield a straight line. The slope, —Sxg,
depends only on the material properties, temperature,
vapor pressure, and gas-phase diffusion coefficient. If the
gas phase far from the drop is free of vapor, S,q is defined
by
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Effect of a non-volatile additive

For the analysis of multicomponent droplet evaporation,
the assumption that the droplet is spatially homogeneous
is entirely reasonable due to the rapid rate of molecular
diffusion within the droplet. This assumption may not be
valid when high molecular weight additives or con-
taminants are present because of the low rate of diffusion
of the additive. The concentration of a non-volatile addi-
tive, B, as a function of time and radial position in a drop-

let is given by
oCc
DAB 8—B> s (4)
r
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where Cy is the concentration of the additive and D,y is
the diffusivity of the additive in solvent A. Because the
additive is not volatile, the flux through the surface of the
drop is zero. Also, the flux at the center of the drop is zero
due to symmetry. Thus, the boundary conditions are given
by

dCg(0,1)  0Cy(a, t)
o or

=0. (5)

The solvent concentration, C,, is also governed by an
equation of the form of Eq. (4), with the boundary condi-
tion at » = 0 given by Eq. (5), but in this case the boundary
condition at the surface is
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where kg is the gas-phase mass-transfer coefficient. If the
surrounding gas is stagnant, kg = D g/a, where D is the
diffusion coefficient of the solvent in the stagnant gas. If
there is gas flow, kg is a function of the Peclet number
defined by Pe = 2aU,,/D;;, where U, is the gas velocity
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upstream of the droplet. Taflin and Davis [13] and Zhang
and Davis [14] measured mass-transfer coefficients as
a function of the Peclet number for evaporating droplets.
In the experiments described below, a small gas flow was
used to remove vapor from the chamber to maintain
pa(T,) ~ 0. For the low gas velocities and small droplets
used in this study, the effect of the gas flow on the mass
transfer was negligible.

Calculating the size change for a droplet containing
a non-volatile additive is more complicated than for
a pure-component droplet, and can be determined from

% _ a d<Vm> _ <Vm>DABpA,a
dt  3{V,y dt aRT ’

(7)

subject to the initial condition a = aq at t = 0. Here p, , is
the partial pressure of solvent at the droplet surface, and
Vi 1s the mean molar volume given by V,,, =Y x;V;, where
x; and V; are the mole fraction and molar volume of species
i, respectively, and the summation is over all components
in the droplet. The brackets, < ), indicate a value averaged
over the volume of the drop.

Equation (7) can be used to predict the evaporation
rate of a droplet containing a non-volatile additive pro-
vided the partial pressure of the solvent at the surface of
the drop, pa ., is known. For a pure component, p, , is the
vapor pressure of the material at the surface temperature.
The partial pressure of component A in a homogeneous
multicomponent mixture can be determined from
Pa.a = XaYaP%» Where y,4 is the activity coefficient of species
A in the liquid. Unfortunately, for the system containing
a solvent and a non-volatile additive, predicting the equi-
librium partial pressure of the solvent can be more dif-
ficult due to the radially varying concentration within the
droplet.

The evaporation rate experiments described here were
conducted with a high molecular weight polymer in an
organic solvent. The solvent partial pressure at the surface
of the drop may be estimated from the Flory—Huggins
theory. This theory, developed independently by Flory
[15] and Huggins [16], is based on a lattice model of the
solvent/polymer system. Using this model, the activity of
the solvent is determined from

Ina, =In(1 — x,V,/Vi) + X,V / Ve + 2 (xxVe/Va)> . (8)

Here y is the Flory-Huggins interaction parameter, and x,
and V,, are the mole fraction and molar volume of the
polymer solute, respectively. The first two terms on the
right-hand side of Eq. (8) are due to entropy changes that
result upon mixing of solvent and polymer molecules, and
the third term is enthalpic in nature.

The Flory-Huggins interaction parameter can be esti-
mated from knowledge of the solubility parameters, J;, for

the solvent and solute. Fried [17] suggests the relation
7 =(Vi/RT) (5 — 6,) ©)

for calculating y; however, Prausnitz et al. [ 18] warn that
Eq. (9) provides a good guide for qualitative consider-
ations of polymer stability, but is less useful for quantita-
tive studies. We used Eq. (9) for lack of better alternative.

Using the method of Small [19] and data published by
Fedors [20], the solubility parameter for TEP was cal-
culated to be 17.8 x 10 JV2m ™32, Prausnitz et al. re-
ported a value of 19.4 x 103 J*2m ™32 for the solubility
parameter of PMMA. Using these values of the solubility
parameters and Eq. (9), a value of y = 0.176 was calculated
for the Flory—Huggins interaction parameter. Equation (8)
can therefore be used to calculate the activity of triethyl
phosphate at the surface of the drop as a function of
PMMA concentration.

Experimental
Materials

Triethyl phosphate (99%) was obtained from Aldrich
Chemical Company and used as the organic solvent in the
evaporation experiments. Triethyl phosphate (TEP) has
a molecular weight of 182.16 gmol ~ !, a specific gravity of
1.072, and a refractive index of 1.4050. It was used without
further purification. Poly(methyl methacrylate) (PMMA)
was used for the non-volatile polymer additive. It was
obtained from Rohm and Haas Company (Acryloid
K-125, now called Paraloid K-125). The PMMA is a white
powder with a specific gravity of 1.15, refractive index
of 1.489, and a mean molecular weight of ~4.5x
10 gmol~'. The median particle size of the PMMA pow-
der was 74 ym.

Equipment and techniques

Viscosity measurements of the PMMA/TEP solution were
made with a Cannon—-Fenske Routine Viscometer, and
evaporation rate measurements were made using a tem-
perature-controlled bihyperboloidal electrodynamic bal-
ance (EDB), shown in Fig. 1. The EDB uses superimposed
a.c. and d.c. electric fields to levitate a charged particle in
the path of a laser beam. A 10 mW He—Ne laser was used
for elastic-scattering measurements.

Two light-scattering methods were applied to size the
droplets. A 512 element photodiode array (PDA) mounted
on the ring electrode recorded the intensity of scattered
light as a function of scattering angle 6, where 6 is mea-
sured from the direction of propagation of the laser beam.
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Fig.1 A schematic of the bihyperboloidal electrodynamic balance
used for the microdroplet evaporation experiments
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Fig. 2 Experimental and computed phase functions obtained for
a single levitated TEP droplet

These so-called phase functions were recorded using a PC
and compared with Mie theory to determine the size at
any particular instant. A photomultiplier tube (PMT)
mounted at right angle to the laser beam was used to
record the morphology dependent resonance spectrum.
The resonance spectrum results from internal reflection
and refraction of the light wave that lead to constructive
and destructive interference. It has been shown that the
size and refractive index can be determined to about one
part in 10° [21] by comparing experimental resonance
spectra with Mie theory [22]. Examples of phase functions
and resonance spectra are presented in Figs. 2 and 3,
respectively. The experimental results are compared with
Mie theory in both figures.

To levitate a particle in the EDB, a d.c. potential is
applied across the top and bottom electrodes to balance
any vertical forces on the particle, such as fluid mechanical

n
(&)

EXPERIMENT

N
o

INTENSITY, a.u.
o

INTENSITY, a.u.

L

!

L L

207 205 203

SIZE PARAMETER, x

209

Fig.3 An experimental resonance spectrum collected during the
evaporation of a TEP microdroplet compared with a resonance
spectrum computed using Mie theory

drag and gravity. An a.c. potential (~1000V and
~ 100 kHz) applied to the ring electrode provides a radial
restoring force to the droplet to keep it centered in the
balance. The droplet was injected through a hole in the top
electrode by applying a high-voltage pulse (~5kV) to
a microliter syringe with a small amount of the liquid on
the tip. A similar hole in the bottom electrode was used to
introduce gas flow into the chamber. Oil pumped from
a constant-temperature bath was circulated through the
hollow top and bottom electrodes to maintain temper-
ature control. Viewing ports in the ring electrode allowed
the laser beam to enter and exit, the particle to be viewed,
and phase functions and resonance spectra to be collected.
A second EDB was used to measure the extremely
small change in size associated with the residual micro-
droplet at later times in the evaporation process. This
device was a double-ring electrodynamic balance coupled
to a Raman spectrometer as shown in Fig. 4. The double-
ring configuration allows a large collection angle for light-
scattering measurements, a feature that is crucial for
spectroscopic studies. A 5 W argon-ion laser was used to
illuminate the particle from below, and a SPEX 1403
0.85 m double monochromator collected the inelastically
scattered light at 0 = 90° and ¢ = 90°. The detector was
a 600-channel optical multichannel analyzer (OMA).
After sufficient time elapsed for most of the solvent to
evaporate from the levitated droplet, a small spherical
drop composed primarily of polymer remained. The final
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Fig. 4 The double-ring electrodynamic balance system used for the
Raman spectroscopy measurements

evaporation rate of the droplets, indicative of the rate at
which solvent molecules diffuse through the polymer
matrix, was measured using output resonances that were
superimposed upon Raman peaks corresponding to
stretching and vibrational modes of C—H bonds. Just as
the incident light from the laser beam can undergo reso-
nance within the microdroplet, the inelastically scattered
light can resonate within the drop. When this occurs, an
additional peak can be observed on existing Raman peaks
in the spectrum. By monitoring the spectral location of
these additional peaks, the size change of the microdroplet
can be determined. In 1990, Schweiger reviewed applica-
tions of Raman spectroscopy to microparticle studies [24],
and the reader is referred to that paper for additional
details.

Results and discussion
Pure-component vapor pressures

The vapor pressure of triethyl phosphate was determined
over a range of temperatures by measuring the evapor-
ation rate of pure-component droplets and applying
Egs. (2) and (3). The size of the drop was determined by
matching the experimental resonance spectrum to Mie
theory, yielding the representative results shown in Fig. 3.
Some of the evaporation data for TEP obtained in the
temperature range 270.7-290.2 K are plotted as a® versus
time in Fig. 5. To obtain the vapor pressure from the
slopes of these graphs, it is necessary to estimate the
gas-phase diffusion coefficient, D,g. Gas-phase diffusivi-
ties were determined using the Wilke and Lee correlation
presented by Reid et al. [25]. Figure 6 presents the vapor
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Fig.5 The radius squared versus time during the evaporation of
TEP droplets at various temperatures
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Fig. 6 Experimentally determined vapor pressures for TEP obtained
from microdroplet levitation experiments

pressures determined in this way as a function of temper-
ature. Also shown in the figure are two data points
obtained from the literature which correspond to much
higher temperatures than used here.

To explore the effect of the polymer additive, a small
amount (0.76 wt%) of PMMA was added to triethyl phos-
phate and evaporation experiments were repeated. Graphs
of a? versus time for two such experiments are presented in
Fig. 7. The evaporation rates of the droplets containing the
polymer are significantly lower than the pure component
rates plotted in the figure. A solvent partial pressure of
4.36 Pa is consistent with the observed evaporation rates
at smaller times, whereas the vapor pressure of pure TEP
at the temperature of the experiments (297.2 K) is 6.41 Pa.
The temperature would have to have been about 5K
lower to account for the reduced vapor pressure. The
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Fig.7 A graph of the radius squared versus time for two microdrop-
lets composed of TEP and PMMA

estimated error in the temperature measurements is about
0.2 K due to small fluctuations in the chamber temper-
ature, so the reduced evaporation rate is not due to an
error in the temperature measurement.

Figure 7 shows that there was a very substantial reduc-
tion in the evaporation rate after the droplet volume
decreased to about 3% of the initial volume. The very
small evaporation rates encountered at later times were
measured using Raman data as described below.

Solute concentrations

To model the solute concentration with the evaporating
microdroplet, Egs. (4) and (5) were solved numerically
using a finite-difference scheme in the radial direction and
an implicit numerical differentiation formula (ODE1S5s,
Matlab program by Mathworks Corp.) to advance in time.
The solute concentration was assumed to be initially uni-
form throughout the droplet, and the solute was assumed
to be non-volatile.

To model the initial evaporation of a microdroplet
with the PMMA additive, it was necessary to estimate the
liquid-phase diffusion coefficient, D,gz. This was accomp-
lished by relating the diffusion coefficient to the viscosity
using the relation

Dag = Do(po/1) ,

where D, and p, are the diffusion coefficient and viscosity
at infinite dilution, respectively. This inverse dependence
of the diffusivity with viscosity is consistent with many
theoretical and semi-empirical correlations for liquid-
phase diffusion coefficients.

(10)
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Fig. 8 The viscosity of the PMMA/TEP solution as a function of
PMMA concentration

The viscosities of PMMA/TEP solutions were meas-
ured as a function of polymer concentration, and the
diffusion coefficient was empirically related to the PMMA
concentration. Figure 8 shows the results of the viscosity
measurements made at 297.0 K. To incorporate these
measurements in the numerical model, a third-order poly-
nomial was fit through the data. The least-squares fit
resulted in the following relation between the viscosity and
the PMMA concentration:

w(f) = L5117 + 417.76f, — 65572 + 4.934 x 10°/2 ,
(11)

where the viscosity, y, is in cP and f; is the mass fraction of
PMMA in solution.

The infinite dilution viscosity was determined by ex-
trapolating the viscosity curve in Fig. 8 to zero-mass
fraction. To estimate the infinite dilution diffusion coeffic-
ient, values for D, were obtained from the literature for
systems of PMMA and various organic solvents. Bran-
drup and Immergut [25] report values for D, of
1.19x 10711 138x 107! and 1.43x10 ' m?s™ ! for
PMMA /acetone, PMMA /tetrahydrofuran, and PMMA/
n-butyl chloride at 293.2 K, respectively. They also re-
ported Do =1.5x10" ' m?s™! for n-butyl chloride at
307.7 K. Based on these values, we estimate the infinite
dilution diffusion coefficient for the PMMA/TEP system
to be 1.0x 10" "' m?s~ ! at 297.2 K.

The calculated concentration distributions of the poly-
mer additive within the droplet during the first 2s of
evaporation are presented in Fig. 9. The calculations are
based on the numerical solution of Eq. (4). The initial size
used for the computations was ay, = 11.40 um, and the
initial concentration of PMMA was 1.95 x 1073 molm 3.
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Fig.9 The computed concentration of PMMA within the droplet at
a temperature of 297.2 K for short times for an initial radius of
1140 um and for TEP partial pressures determined using the
Flory—-Huggins model

The temperature was 297.2 K. The computations indicate
a rapid increase in the polymer concentration at the sur-
face of the drop. The points shown in Fig. 9 correspond to
the locations of the nodes in the numerical solution. A finer
mesh was used near the interface to account for movement
of the interface as the droplet evaporated. The PMMA
concentration near the moving surface is difficult to model
numerically [26], and it was not possible to model the
droplet evaporation for long times due to the very steep
concentration profiles that developed. Although the nu-
merical model was not robust enough to obtain a? versus
time results to compare with experimental data over the
entire duration of an experiment, the short-time solution
provides insight into the observed phenomena.

The a? versus time data in Fig. 7 are consistent with
a constant partial pressure of the solvent during the early
part of each experiment, whereas the bulk concentration of
the polymer in the droplet increased dramatically as TEP
evaporated. The constant evaporation rate suggests that
the interfacial concentration of PMMA was constant. Fur-
thermore, the data indicate a significant reduction in the
solvent partial pressure compared with its pure-compon-
ent vapor pressure, but the cause of this reduction is not
clear. To explore this issue we calculated the vapor pres-
sure of the solvent using Flory—Huggins theory, and the
results are shown in Fig. 10 for several values of the
Flory-Huggins interaction parameter. Also shown in the
figure is the partial pressure of TEP determined from
Raoult’s law. For the low concentrations of PMMA dur-
ing the early part of the evaporation process, the partial
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Fig. 10 The solvent vapor pressure at 297.2 K as a function of
polymer concentration determined from Flory—Huggins theory. Dif-
ferent values of the Flory—Huggins interaction parameter, y, are
shown. The vapor pressure determined from Raoult’s law,
Paa = XaP%, is also shown

pressure reduction obtained using Raoult’s law is negli-
gible. The vapor pressure consistent with the measured
evaporation rates at smaller times is also shown in the
figure. It is apparent from Fig. 10 that the observed evap-
oration rate is not consistent with application of Raoult’s
law or Flory—Huggins theory. It is likely that some other
interfacial phenomenon influences the evaporation rate.
One possibility is that PMMA is surface-active in TEP.
This could account for the constant evaporation rate ob-
served at early times.

Raman measurements

As indicated above, after most of the TEP had evaporated,
the evaporation rate was found to be extremely low. In this
regime, the evaporation can be expected to be limited by
the rate at which solvent molecules diffuse through the
polymer matrix. To measure the very small size changes
associated with the droplet evaporation rate near the end
of an experiment, a droplet composed of PMMA and TEP
was suspended in the double-ring EDB shown in Fig. 4,
and Raman spectra were collected near a wave number
shift of 2900 cm !, which corresponds to C-H stretching
and vibrational modes. At certain combinations of size
and refractive index the Raman-shifted light undergoes
resonance in the droplet cavity, and the Raman signal is
enhanced. A resonance associated with the Raman-shifted
light is called an output resonance, whereas resonances
of the incident light are called input resonances. Output
resonances are much weaker than input resonances



204

Colloid & Polymer Science, Vol. 276, No. 3 (1998)

© Steinkopff Verlag 1998

(@) 20 -

Wee ]
WM ]

—_ py
[0)] [0}

INTENSITY, a.u.
IS

42 min

Ww somn ]

3000

N

—_
(@]

1 L
2900 2950
WAVENUMBER SHIFT, cm-1

2850

,-\
RS>
n
N

|

157 min ]

|

151 min ]

—_
(e}
T
i

INTENSITY, a.u
=
1

145 min ]

/‘M\ e
| 133 min ]
10 | PR 1 P
2800 2850 2900 2950
WAVENUMBER SHIFT, cm-1

—
N

Fig. 11 The Raman spectra corresponding to the C—H bond used to
measure the rate of droplet evaporation from the output resonances.
Output resonances are shown in the spectra

because the intensity of Raman-shifted light is much less
than that of the incident laser beam.

On resonance, the size parameter X = 2na/4 is con-
stant, and can be used to determine the size change of the
drop. The change in size is given by

da adi
e Adt’
Here 4 is the wavelength of the light resonating within the
drop, which in the case of the output resonances is of lower
energy than the incident light. The wavelength of the
incident laser beam was 514.5 nm, and the wavelength of
the Raman-scattered light was 605 nm.

Two examples of Raman spectra collected during the
period of slow evaporation of a PMMA/TEP droplet are

(12)

shown in Fig. 11. Note that as the droplet evaporates, the
peak associated with the output resonance moves to lower
wave number shift (higher energy). The rate at which this
peak shifts was used to determine the size change of the
drop. Because of the very small droplet size near the end of
an experiment, it was not possible to obtain a precise size
from the elastic scattering data. We estimated the drop
diameter to be ~2 um based upon the image on the video
monitor used to view the particles suspended in the EDB.
With this estimate of the size, the evaporation rate deter-
mined from Eq. (12) is approximately 3 x 107 yms~ 1.
The evaporation rate, da/dt, given by Eq. (12) is a linear
function of the radius, so an error in the drop radius leads
to a corresponding error in the calculated evaporation
rate.

In principle, one can determine the diffusion coefficient
of solvent in the polymer by analysis of the mass loss at
later times, but we have not attempted to model this
process.

Summary

The effect of a high molecular weight polymer additive on
the evaporation of TEP microdroplets was explored using
an electrodynamic balance and light scattering techniques.
Theoretical computations show that a high molecular
weight additive or contaminant accumulates at the surface
of the droplet as the solvent evaporates. Even at low
concentrations, the PMMA reduces the evaporation rate
of the droplet compared with the pure-component evapor-
ation rate. The partial pressure of TEP appears to be
constant during the early part of an experiment and is
much lower than that predicted from conventional va-
por/liquid thermodynamics. The experiments reported
here suggest that PMMA is surface-active in TEP because
of the reduced evaporation rate. After sufficient time has
elapsed for the droplet to be composed primarily of poly-
mer, the evaporation rate exhibits a large decrease that is
likely governed by the rate at which solvent molecules
diffuse through the polymer matrix. The size change in this
regime was measured by observing the changes in the
spectral location of output resonances in the Raman
spectra.
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