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Resonance Raman cross sections are generally larger than normal
or preresonance Raman cross sections. Thus, higher Raman
intensities are expected for resonance excitation, especially for
backscattering measurements. However, self absorption decreases
the observed Raman intensities. In the work here we examine the
effect of self absorption on the observed preresonance and
resonance Raman intensities. For the simplest case where a single
electronic transition dominates the Raman scattering, and where
the resonance enhancement scales with the square of the molar
absorptivity of the absorption band, theory predicts that for close to
resonance excitation the observed Raman intensities monotoni-
cally increase as resonance is approached. In the case that an
impurity absorbs, the observed Raman intensities may decrease as
excitation moves close to resonance for particular conditions of
impurity absorption band widths and frequency offsets. Impurity
absorption also causes decreases in observed Raman intensities
for the more slowly increasing preresonance excitation.

Index Headings: Raman; Resonance Raman; Self absorption;
Standoff detection.

INTRODUCTION

Raman spectroscopy involves inelastic light scatter-
ing.”® The scattered light is collected using a collection
optic, and this scattered light is then spectrally interro-
gated for its intensity, frequency, and polarization to
get molecular information on the sample. The
vibrational Raman scattering efficiency is generally low
with normal analyte Raman cross sections of
~1073% ¢cm? - molc™" - str~'. The cross sections will
significantly increase if there is preresonance Raman
enhancement; much larger Raman cross sections can
occur with resonance excitation, especially in the deep
ultraviolet (UV).®>* The largest resonance Raman cross
sections observed to date are for polycyclic aromatic
hydrocarbons such as pyrene, where cross sections as
large as ~10722 cm? - molc™' - str~' occur.®

The Raman intensities observed depend upon the
values of the Raman cross sections. However, the
intensities observed are dramatically affected by phe-
nomena such as sample self absorption that determines
the depth of penetration of the excitation beam and the
transmission of the Raman scattering out of the
sample.5®8

Typical absorption cross sections are far larger
(~107"® cm? - molc~") than Raman cross sections, and
even resonance Raman cross sections. For strong
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absorptions the excitation light is attenuated by the
sample such that the sample thickness traversed can be
limited to only tens of nanometers, limiting the number of
Raman photons generated and observed. Attenuation of
the incident light, as well as the Raman scattered light,
can also result from sample elastic scattering due to the
refractive index inhomogeneities that scatter the light
outside of the volume elements that can be imaged into
the spectrometer. These phenomena can significantly
decrease the observed Raman intensities, which de-
crease the resulting spectral signal-to-noise ratio (S/N).
Modern spectrometers use charge-coupled device (CCD)
detectors. The Raman S/N in this case is limited by shot-
noise and is proportional to the square root of the
observed Raman intensities. Thus, the magnitude of the
observed Raman intensities directly determines the
Raman spectral S/N.

The affect of sample self absorption on the observed
Raman intensities has previously been considered. For
example, Strekas et al. examined the impact of self
absorption on Raman intensities for a 90° scattering
geometry,” while the 180° backscattering case was
considered by Shriver and Dunn.® Greek et al. examined
self absorption for the case of fiber optic measurements
with a purpose of determining the optimal excitation
wavelength.%1°

The Raman excitation profiles (REP) indicate the
Raman cross section dependencies on excitation fre-
quency.!" The excitation frequency dependencies of the
observed Raman intensities (EFDORI) have an additional
large dependence on experimental parameters, espe-
cially the sample self absorption that is excitation
frequency dependent.

We examine EFDORI in the simplest case (of pure
samples) where a single resonant electronic transition
dominates both the Raman scattering as well as the
sample absorbance. In this case we show for the lowest
order in theory that the EFDORI are expected to
approximately follow the absorption band shape for
optically thick samples. Thus, the maximum Raman
spectral S/N measurement will occur for excitation at the
maximum of the resonance REP, which generally occurs
close to the absorption maximum for molecules with a
single electronic transition.

In contrast, if additional absorption bands occur, from
impurities or chromophores of the molecule not involved
in the resonance Raman enhancement of a particular
vibrational mode, these additional absorptions will
attenuate the Raman intensities, leading to decreased
S/N measurements. Depending on the particular condi-
tions, preresonance Raman measurements can show
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Fic. 1. Raman backscattering geometry.

higher intensities and S/N than resonance Raman
measurements.

RESULTS AND DISCUSSION

Dependence of Resonance Raman Intensities on
Self Absorption. We assume that all the Raman
intensities derive solely from preresonance or reso-
nance excitation from a single dominating electronic
transition. We consider a simple backscattering geom-
etry (Fig. 1) similar to that previously considered by
Shriver and Dunn® where an incident excitation beam
excites an extended planar sample normal to its
surface. For simplicity we assume that we collect the
Raman scattering only in the directly backscattered
direction. This decreases the self absorption attenua-
tion of the Raman backscattered light at angles <180°,
because it neglects the longer path lengths traversed
by this Raman scattering. In practice, a finite solid
angle of Raman scattered light exiting the sample is
collected over the finite depth of focus. This light is then
focused onto the entrance slit with a complex transfer
function. The light traverses and is dispersed using the
spectrometer and is detected using the CCD.

Consider a volume element at depth r from the flat
sample surface of thickness dr excited using a laser
beam of frequency vo with an illuminated cross sectional
area of A. The Raman light scattered by this volume
element is imaged into a Raman spectrometer and
spectrally dispersed and detected. The backscattered
Raman intensity observed at frequency v is

0
dl?b(ra V07V) ~ lo(r, VO) . G(VOaV) -C- NA % K

. F(vo,v, r, g(vo),e(v)> “A-dr (1)

where Ilo(r, vo) is the incident excitation beam intensity at
r, o(vo, V) is the absolute Raman scattering cross section
excited at vo for a Raman band that occurs at v, ¢ is the
analyte concentration, N is Avogadro’s number, 0 is the
solid angle of the Raman scattered intensity collected
using the spectrometer, K is the spectrometer efficiency,
and F(vo, Vv, r, &(Vvo), €(Vv)) is the attenuation factor at the
excitation and the Raman scattered light frequencies.
For samples that do not elastically scatter light due to
refractive index inhomogeneities, this factor results
solely from absorption by the sample. The effective
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molar absorptivities at the excitation and Raman
scattered frequencies are g(vo) and &(v).
The exciting light is attenuated as

I(r,vo) = lo(vo) - ©—2:3035(vo)-c-r )

The backscattering Raman light is attenuated by its
transmission through the distance r through the sample:

dl(?b(n Vo, V) = CIIR(I"7 Vo, V) . 9*24303‘8(V)~C<r (3)

where dIf(r, vy, v) is the backscattered Raman intensity
generated at position r in the sample. Thus, the
attenuation factor for the contribution of a volume
element at depth r is

F(V()v v, I, 8(Vo), S(V)> = 6_24303‘(S<V0)+8(V))‘C‘f (4)

Therefore, the total Raman intensity detected is the
integral of dlgb(r,vo,v) over the sample thickness il-
luminated using the incident excitation beam:

I'max

IR (vo,v) ~ [ dIf(r,vo,v)dr

0

0
= | A Cc-Ny-— K
b(vo) c(vo,V) - € - Na in

Tmax
. e—2303:(e(vo)+e(v))-c-r gy (5)
0

For a sample of thickness rmax,
lo(Vo) “A- G(Vo,v) . NA -0-K
2.303-4r - (a(vo) + 8(\/))

: (1 . e—2»303»<a<vO>+s<v>>~c~rmax) ()

I(l)qb(v()a V) ~

The observed Raman intensity increases with the
Raman cross section and decreases with the absor-
bance at the excitation and Raman scattering frequen-
cies. The Raman intensities observed are relatively
independent of concentration® but are decreased for
sample thicknesses less than that necessary to fully
attenuate the excitation beam.

The Raman scattering cross sections are proportional
to the fourth power of the excitation frequency times the
square of Raman polarizability:'?

o (vo, V) ~ vg|a(vo, V) (7)

With Kramer—Heisenberg-Dirac second order pertur-
bation theory, we can write down an expression for the
resonance Raman polarizability in the lowest order in
Raman theory as detailed through the Albrecht A term
expression:'?

a(vo, V) ~ < glule><elulg>-FC- D(ve,vo,v) (8)

where the transition moment integrals occur over the
electric dipole operator, p, between the electronic



ground state and the resonant electronic excited state.
FC is the factor associated with the Franck—-Condon
integrals for the vibrational mode selection factor of the
Raman polarizability, while D(ve, vo, V) is the resonant
excitation energy denominator that determines the
dispersion of the Raman cross section due to prereso-
nance and resonance effects.

The square of the electronic transition moment is
roughly proportional to the maximum molar absorptivity,
e(ve), where ve is the frequency at which the electronic
transition occurs. Thus, the resonance Raman cross
section for the vibration that scatters at frequency v is
proportional to the square of the molar absorptivity.'? In
this regard Tuschel et al. recently showed that the
229 nm excited resonance Raman scattering cross
sections of a number of explosives are proportional to
the square of their 229 nm absorbances.®

o(vo) ~ k- v§ - €2(vo) 9)

In strict resonance, the REP will approximately track
the absorption band shape if the absorption is domi-
nated by inhomogeneous broadening. In this case the
absorption band shape results from a set of molecules
with a distribution of transition frequencies. The
resonance REP results from the sum of the contribu-
tions of the individual REP contributed by each of these
transitions.

If the absorption band shape is dominated by
homogeneous broadening, the relationship between
the absorption band shape and the resonance REP
becomes somewhat more complex. However, the follow-
ing conclusions are expected to approximately hold for
this case as well.

By approximating &(vg) = ¢(v) (for deep UV Raman
excitation, the Stokes shift frequency is small compared
to the excitation frequency), we can simplify Eq. 6,

k'Io(Vo)-Vg-SZ(VO)-A-NA-e-K
4.606 - 41 - g(vp)

_ (1 _ e—4,606~8(vo)~0<fmax) (10)

/c?b(VO) ~

If the product of the molar absorptivity €(vo), the
concentration ¢, and the sample path length is large, the
exponential term becomes zero. Equation 10 becomes

k~/o(Vo)-Vé-S(VO)-A~NA-9-K (11)
4.606 - 41

/c?b(VO) ~

This expression indicates that even in the presence of
self absorption, the backscattered Raman intensities
become proportional to the molar absorptivity €(vo) and
are independent of concentration. The EFDORI tracks the
analyte absorption band shape but is biased to higher
frequency by the vg scattering dependence. The largest
Raman intensities will occur at the absorption spectral
maximum. Resonance Raman excitation will always give
rise to higher intensities (and higher S/N) than will
normal and preresonance Raman measurements.

This is the behavior expected from close to resonance
excited Raman bands whose preresonance intensities

are enhanced using a single electronic transition that is
situated at higher frequency.

An example of this type of enhancement occurs for the
symmetric NOs~ stretch at ~1050 cm~" in NH4NO3 and in
NaNO3, whose entire preresonance and resonance
enhancement derives from its ~220 nm lowest energy
absorption band.’®'® In this case all of the absorption
oscillator strength of molecule is located in the NO3~
moiety in aqueous solution. Water and Na® and NH4"
counterion absorptions lie deeper in the UV and
negligibly contribute for Ao > 200 nm.

If the self absorption is small (conditions where
€(Vo) - € - rmax is small) we can expand the exponential
term in Eq. 10 to obtain

0
IED(VO) ~ Ek . Io(\/o) -Vg . SZ(VO) ANy K- C- Imax
(12)

In this case the backscattered Raman intensity more
strongly increases with analyte absorption since it is
proportional to &€2(vo). Equation 12 indicates that the
observed intensity increases with sample thickness and
analyte concentration. This expression ignores the
limitation in the observed intensity due to the collection
optic finite depth of focus that limits the volume from
which the Raman intensity can be collected.

Impact of Impurity Absorption on Raman Intensi-
ties. In this case, sample self absorption decreases the
observed Raman intensities compared with the case
above, where the single absorption band enhances the
Raman intensities. This can be shown from Eq. 13, which
explicitly includes an absorption band not involved in
resonance Raman enhancement.

k-Io(Vo)-Vg-SS(VO)-Ca-A'NA-e-K

IR
4.606 - 47 - (sa(vo)ca + ai(vo)q)

obi (VO) ~

. (1 _ 974.606(sa(v0)ca+ai(vo)o,)rmax) (13)

where €, and c, are the molar absorptivity and the
concentration of the analyte that is resonance enhanced
and ¢ and c¢; are the molar absorptivity and the
concentration of an impurity or absorbing chromophore
that does not enhance the analyte Raman bands. This
additional absorption could include, for example, chro-
mophores such as Cs™ in solutions of CsNO3. The NO3™
in aqueous solution shows the same REP as occurs in
the presence of the transparent NH;" and Na* counter-
ions. However, the Cs™ absorption will attenuate the
observed Raman intensities. The additional absorptions
may also derive from impurities, or from other electronic
transitions of a macromolecular analyte, or derive from
photochemically generated impurities.

Equation 13 points out that for an optically thick sample
the observed Raman intensity will be attenuated by

I8(v €a(vo)C
R = OFt{)I( 0) _ a( o) a (14)
Iob(VO) €a(Vo)Ca + &i(Vo)Gi
where R is the ratio of the Raman intensities in the

presence, 3.(vo), and in the absence, I7 (vo), of the

APPLIED SPECTROSCOPY 77



(a)
o)
3]
c
@
£
o
w
a
<
~— Analyte
4 —— Impurity
47500 45000 42500 40000
Frequency/cm’
(b) (c)
10 10° z
10" g 2
& 5 o
10 28 10 E
B 3 ® 0" 40°
> 10 1072 B o 10 &
N e}
’ 4T P 8
10 10* 10 2
5 :
(=]
10 10" =
475 4.5 4.25 4 4.75 4.5 4.25
Frequency/10* cm™ Frequency/10* cm™
10"
(d) cle, =107 (e) 45000 cm’’
= 2 i
‘n ‘® 4
4750
5 § 10_1 ] 0 cm
£ £
@ § | g
£ £10°] 42500 cm
@ © )
@ o ] 40000 cm
R o
ﬂl} 310-5
s = X
g ] \ :
= Je =10* = 3
S clc,=10 S
Z10°® , ‘ 2 (7 Aty s verm e evemy g ey
47500 45000 42500 40000 10° 10°% 10" il 10’ 10° 10°

Frequency/cm’

Fic. 2.

(a) Analyte and impurity absorptions. The absorption bands are Gaussians, with 6, = ¢; = 2500 cm~', and with maxima at v,c = 45 000 cm™

¥

1

and vic = 42 500 cm~", respectively. (b) Contour plot of calculated frequency dependence of sample absorbance as a function of relative impurity
concentration. The normalized absorbance is calculated by dividing by the maximum absorbance that occurs at the maximum impurity concentration
of ci/ca = 10°. (c) EFDORI as a function of the relative impurity concentration calculated using Eq. 13. The resonance Raman intensities are
normalized to the maximum Raman intensity that occurs for ¢i/c, = 1075. (d) Calculated EFDORI at different relative impurity concentrations. (e)

Relative impurity concentration dependence of Raman intensities.

impurity. It should be noted that the attenuation
calculated is strictly for the case where the absorbing
species are intimately intermixed with the analyte. It
would not be valid for detection of surface analyte
particles that are not subject to interferent absorptions.

Figure 2 shows the calculated sample absorbance and
resonance Raman intensities as a function of frequency
and relative impurity concentrations (ci/ca). Assuming
that the impurity absorption has identical band shape
and absorptivity as analyte absorption (Fig. 2a) at low
impurity concentrations, the sample absorbance mainly
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derives from the analyte. As the impurity concentration
increases, the absorbance becomes dominated by the
impurity absorbance (Fig. 2b).

For all impurity concentrations, the EFDORI monoton-
ically increases as the excitation frequencies move into
resonance (Fig. 2c). There is no case where impurity
absorption causes a dip in the EFDORI for this set of
parameters. However, the Raman intensities do de-
crease as the impurity concentrations increase.

Figure 2d shows that the EFDORI maxima slightly shift
toward higher frequencies because the increased



impurity absorbance (maximum at 42 500 cm~") attenu-
ates the EFDORI on the low frequency side. Figure 2e
shows the dependence of Raman intensity on the relative
impurity concentration (ci/c,) at different excitation
frequencies. At low impurity concentrations, the Raman
intensity is little affected. The Raman intensities de-
crease as the impurity concentrations increase.

The approximation that the Raman cross section
increases with the square of the molar absorptivity,
which is relevant for true resonance excitation, predicts
that the maximum intensities occur for resonance
excitation. In most cases the square of the analyte
absorption grows faster with frequency than does the
sample absorption. The observed resonance Raman
intensity increases with excitation frequency. In the rare
cases we examine below, attenuation of the observed
Raman intensities caused by impurity absorption could
exceed the resonance enhancement and result in a dip
in the EFDORI.

We should also mention that much more complex
situations can occur for more complex samples. For
example, analytes may have multiple absorption bands.
In this case constructive and destructive interference can
occur between different electronic transitions.'®' This
can complicate the behavior of the REP, especially for
excitation at frequencies between absorption bands.

Conditions in Which Sample Self Absorption Caus-
es Excitation Frequency Dependencies of the Ob-
served Raman Intensity Minima. Figure 2 demonstrates
that the observed Raman intensities monotonically
increase as the excitation frequency approaches reso-
nance even in the presence of an absorbing impurity. For
optically thick samples, the exponential term in Eq. 13
vanishes.

k- Io(vo) - V& -ea(vo)® - Ca-A-Na-0-K

/R
4.606 - 47 - (8a(vo)ca + 8i(vo)q)

obi(VO) ~

(15)

In general, the EFDORI monotonically increases as the
excitation frequency is tuned into resonance due to its
dependence on the molar absorptivity squared in the
numerator as demonstrated in Fig. 2. However, it is
possible to have situations where the impurity absorbs in
such a way that the EFDORI decreases as the excitation
frequency approaches resonance.

Below we determine the conditions for the presence of
a minimum in the EFDORI. For simplicity we assume
Gaussian absorption band shapes. This is also motivat-
ed by the fact that in the condensed phase, inhomoge-
neous broadening often dominates absorption band
shapes.

(\'o*\’a(:)2

3a(V0) = €5c€ 23 (16)

_("O*Vic)z

&i(vo) = gice 20} (17)

where g,5c and gic are the analyte and impurity maximum
molar absorptivities, v, and vic are the analyte and
impurity absorption frequency maxima, and ¢, and G;
are the analyte and impurity standard deviations of the

Gaussian bands, respectively (not to be confused with
the Raman scattering cross section o).

We shall limit our discussion to the resonance
excitation region in the case that the impurity absorp-
tion maximum occurs to lower frequency than the
resonance absorption: vac — 265 < Vo < Vig < Vge. Ob-
viously, a minimum in the EFDORI requires
€i(vo)Cci > €a(Vvo)ca. We can rewrite Eq. 15 to concentrate
on the absorption factors by substituting Eq. 16 and Eq.
17 into Eq. 15.

_(V()*\'ac)2

2
k-/o(vo).vg-<gace 20} >~ca-A~NA~9-K

It?bi(VO) ~

_("0*"\032
4606-4m-C-5c-€
(18)

In the UV region, vo > o, therefore, the vg factor
changes little between v, — 26, and v,¢, compared with
the Gaussian factors. Thus, we conveniently ignore this
variation and include the vg factor in a constant K/, which
collects all constants and is independent on vy.

7(\'0*"ac)2 2
K'c,| eace %=
(19)

(vo—vig)?
262

C-&c-€ i

/c?bi(vo) ~

As the excitation frequency increases, a dip occurs in
the EFDORI if the derivative of [5}.(vo) with respect to vo
becomes negative:

dighi(vo) dIn/g; (vo)
=R (vo) —2br 2/ < 20
dvo Obl(vo) dvo ( )
Since If}.(vo) >0, Eq. 20 becomes
dlnl?bi(VO) 2(vo — Vac) , (Vo — Vic)
- <0 21
dvo o3 * o? (21)
Collecting terms and rearranging,
(63 — 262)vo < G3Vic — 262Vae (22)
We denote
Oi
p—l—— 2
2 (29)
Vac
= 24
= (24)
gzrae Ve Ve (25)
N Ga Ga

Obviously B > 0, A > 0, and 6 > 0. Using Egs. 23-25,
we further replace Gj, vac, and vic with o, Ac,, and
(A — 0)og4, respectively. Equation 22 becomes

(1 —2P2)02vo < 62((A — 8)0a) — 2(Bo,)?hoa  (26)
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Canceling 62 on both sides and rearranging gives

(1 —2B%)vo <(h — 8)ca — 2\p%a (27)
If (1 —2p2) >0,0<B < 1/(2"2), then
_ _ 2
Vo < (A —9)oq ikﬁ Ca (28)
(1-2p7)
Since vae — 264 < Vg, the following must hold,
_ _ 2

Vac — 26 = AGa — 205 < (-~ 8)oa — 21 0 (29)

(1-2p%)

Multiplying both sides by (1 — 23%)/c, and rearranging,
we obtain § < 2(1 — 2B?). Since vo < vic and
Vo < [(A — 8)ca — 2MB2G.)/(1 — 2PB?) (Eq. 29), we want to
compare the values of [(A — 8)ca — 2AB%ca]/(1 — 2PB?) and
Vie, and choose the smaller quantity as the upper limit for
Vo. It can be shown that the following holds, because
B>06>0.

(A — 8)oa — 2\B%0a
(1-2p%

Therefore, vo < [(A — 8)ca — 2AB%ca)/(1 — 2B?) < Vie.
In the case that (1 — 2B2), where B > 1/(2"?), Eq. 27 has
a different solution,

< (A —8)0a = Vie (30)

(A — 8)oa — 21p%0a

Vo > (31)
(1-2p?)
Since vy < Vi, together with Eqg. 31 this leads to
A— —2)\p?
(A =0)oa =240\ n_s)en  (32)

(1-2p%)
Note (1 — 2B%) < 0 in this case. Rearranging Eq. 32,

2p25<0 (33)
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Obviously, Eq. 33 is not a relevant solution, because
B>0,0>0.

Thus, we conclude that for the EFDORI to show a
minimum caused by self absorption in the frequency
range between v, — 26, and v, requires

(1) The band width of the impurity absorption must be
less than the resonant analyte absorption, Gi/c, <
1/(21/2);

(2) The frequency difference between the analyte
absorption maximum and the impurity absorbance
maximum, Vac — Vie < 26a(1 — 2(6i1/64)?).

When these two requirements are satisfied, the
observed Raman intensity minimum is expected at
vo = [(A — 8)oa — 2hP2%c4)/(1 — 2B?). Our neglect of the
vg dependence only causes small errors.

The above analysis considers only a single impurity
absorption band. In the cases of multiple impurity
absorptions, the overall impurity absorption band shape
could deviate significantly from a Gaussian band shape.
In this case, observation of a minimum in EFDORI still
requires that the impurity absorption increases faster
with frequency than does the Raman cross section.

Figure 3 displays the frequencies of minima (if any) in
the EFDORI calculated from Eqg. 13 above. Figure 3a
shows blank areas above the line (vac — Vic)/
ca = 2(1 — 2(ci/c4)?), where no minima occur over the
range where Eq. 9 is valid. Below this boundary, the
frequency of the EFDORI minimum decreases as the
impurity absorption band broadens and as the impurity
absorption band downshifts from the analyte absorption.
Figure 3b shows the frequencies of the EFDORI maxima.

Figure 2 calculates the normalized Raman intensity at
Ci/Ga = 1 and (vac — Vic)/Gca = 1 and in a region where no
local minima occur in the EFDORI. In contrast, Fig. 4
calculates the normalized Raman intensities where
minima exist for 6i/c, = 0.2 and (Vac — Vic)/ca = 0.6.

The impurity absorption band shape is now much
narrower than that of analyte absorption (Figs. 4a and
4b). As expected, low impurity concentrations have little
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(a) Analyte and impurity absorption spectra. The analyte absorption band maximum frequency is vac = 45 000 cm~" with 6, = 2500 cm~'. The
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frequency dependence of sample absorbance as a function of relative impurity concentrations. The normalized absorbance is calculated by dividing
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relative impurity concentration calculated from Eq. 13. The resonance Raman intensities are normalized to the maximum Raman intensity that
occurs for ¢i/c, = 1075, (d) EFDORI at different relative impurity concentrations. (e) Relative impurity concentration dependence of observed Raman

intensities.

impact on the observed Raman intensities. However,
impurity concentrations comparable to or greater than
the analyte give rise to EFDORI minima localized where
the impurity has strong absorption (Figs. 4c and 4d).
Beyond this frequency region, the observed Raman
intensities are independent of impurity concentration
(Fig. 4e).

Dependence of Preresonance Raman Intensities on
Self Absorption. In the cases above we assumed that

the resonance Raman enhancement scales with the
square of the molar absorptivity. Thus, the Raman
intensities will always be maximized with resonance
excitation, unless the impurity absorbance increases
faster than does the square of the analyte absorbance.

If the Raman intensities increase at a slower rate with
excitation frequency, impurity absorption can dramatically
impact the preresonance Raman intensities. This is the
case where the preresonance Raman cross sections
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Fic. 5. (a) Analyte and impurity absorption spectra. The analyte and impurity absorption bands are Gaussians, with 6, = ¢; = 2500 cm~', and with
maxima at v4c = 45 000 cm~" and vic = 27 500 cm~ ', respectively. (b) Contour plot of calculated frequency dependence of sample absorbance as a
function of relative impurity concentrations. The normalized absorbance is calculated by dividing by the maximum absorbance that occurs at the
maximum impurity concentration of ci/c, = 10°. (c) Observed contour plot of the EFDORI as a function of the relative impurity concentration
calculated from Eq. 35. The preresonance Raman intensities are normalized to the maximum Raman intensity that occurs for ¢;/c, = 102, (d)
EFDORI at different relative impurity concentrations. (e) Relative impurity concentration dependence of observed preresonance Raman
intensities.

follow the preresonance Raman Albrecht A term:

2
V2 4+ V2 2 k- Io(vo) - v ij\;ﬁ)z] “Ca-A-Na-6-K
o(vo) ~ k'V§ ﬁ (34) IR (vo) ~ e
(V3 —v3) obi 4.606 - 47 - &(vo)G
where vg is the excitation frequency, and v, is the .(1 _674.606-ai(v0)o.rmax> (35)
frequency of the electronic transition giving rise to
preresonance Raman enhancement. The vy excited
observed Raman intensity for a sample containing In preresonance Raman the absorbance of the analyte
impurity absorption is is negligible. For optically thick samples, the exponential

82 Volume 69, Number 1, 2015



term vanishes and Eq. 35 becomes

2
<V§_V0)

/ 4 V3+V2 2
k-lo(Vo)'Vo—zo CaANAeK

Icf(bi(VO) ~ (36)

4.606 -4m - Si(Vo)C‘,

If we assume that the impurity absorption band is a
Gaussian, we find cases where impurity absorption
decreases the Raman intensities as the excitation
frequency increases toward resonance.

Figure 5 shows the simulated sample absorbance
and preresonance Raman intensities as a function of
frequency and relative impurity concentration (ci/ca).
The analyte shows little absorption in this frequency
region (Fig. 5a). At very low impurity concentrations,
the sample shows little absorption. At high impurity
concentrations, it only shows impurity absorbance (Fig.
5b). With low impurity concentrations, the observed
preresonance Raman intensities monotonically in-
crease with excitation frequency (Figs. 5¢ and 5d). The
rate is slower than in the resonance case. In contrast, at
high impurity concentrations, the observed prereso-
nance Raman intensities show minima at ~26 000 cm~'
(Fig. 5d). The observed preresonance Raman intensi-
ties decrease as the impurity concentration increases
(Fig. 5e).

CONCLUSIONS

We examined the impact of self absorption on the
Raman intensity observed for a 180° backscattering
geometry. In the absence of impurities, the observed
Raman intensities are predicted to monotonically in-
crease as resonance excitation is approached. In
contrast, the observed resonance and preresonance
Raman intensities can decrease as excitation approach-
es resonance if the sample contains absorbing impuri-
ties or chromophores that do not enhance the analyte
Raman bands. For resonance excitation (defined to
occur for excitation within two standard deviations of
the analyte Gaussian absorption maximum), a minimum
in the EFDORI requires (1) that the impurity absorption
band be at least (2'2)/2 narrower than the analyte
absorption band, and (2) that the frequency offset
between analyte and impurity absorption maxima be
<26.(1 — 2(6i/ca)?).

Thus, conditions for a decrease in the observed
resonance Raman intensity with excitation closer to
resonance will be rare. Spectral S/N maxima will
typically occur with resonance excitation. Decreasing
observed preresonance Raman intensities and normal

Raman intensities can occur in the presence of impurity
absorption.
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