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The development of standardless quantitative ana-
Iytical methods, i.e., methods that do not require the use
of material standards (samples of standard composi-
tion), is topical primarily in relation to the problem of
preparing standard samples, which is caused by a huge
and permanently increasing number of known chemical
compounds.

The general idea of using theoretical and experi-
mental IR spectrometry for standardless quantitative
molecular analysis was proposed and developed in [1-
4]. It consists in determining the desired concentrations
of compounds based on integrated absorbances of
bands in measured IR absorption spectra being com-
pared with calculated absolute intensities of these
bands and the solution of corresponding sets of equa-
tions. A similar approach was developed for the meth-
ods of quantitative standardless analysis based on the
spectrain UV and visible regions (vibronic spectra) [S].
Expected errors in the determination of concentration
were estimated at <30% for very small amounts of sub-
stance required for analysis (S1 mg) and low concentra-

tions of studied impurity molecules (£107%).

Currently, vibronic spectroscopy shows the inten-
sive development of methods for recording time-
resolved spectra of complex molecules, which signifi-
cantly expands analytical possibilities.

In this work, we first demonstrated the basic possi-
bility of the standardless qualitative and quantitative
analysis of complex substances by time-resolved
vibronic spectroscopy in the UV and visible regions.

The main idea of the proposed approach is as fol-
lows. Let a studied compound be excited by an optical
radiation pulse of intensity Iy and rather short duration
1 so that within this time molecules do not luminesce.
After the end of the optical excitation event (t20), the
emission spectrum of molecules of the compound /(®,
t) is recorded in sufficiently wide frequency and time
ranges. The luminescence intensity /(®, f) depends on
transition probabilities w;; and the initial (at ¢ = 0) level
population no, which, in turn, depends on the concen-

Vernadsky Institute of Geochemistry and Analytical
Chemistry, Russian Academy of Sciences, ul. Kosygina 1 9,
Moscow, 117975 Russia

tration of molecules C, the intensity Iy (and duration 1)
of the exciting radiation pulse, and transition probabil-
ities; therefore, with the knowledge of the relative lumi-
nescence intensity (@, )/lp, it is possible to determine
(only from the experiment!) both these probabilities w;;
(and transition frequencies ;) and the desired concen-
tration of molecules C by solving the inverse spectral
problem.

The time dependence of the luminescence spectrum
is of significant importance in this method. Even for
spectra in relative intensities, it is directly determined
by transition probabilities and, hence, provides the
determination of their absolute values and, conse-
quently, the absolute values of concentration C without
preliminary calculation of absolute intensities as in pre-
viously proposed standardless methods [1-3].

Let us consider this in more detail.

The spontaneous emission (fluorescence) intensity
for the transition i —= k is

Iy (0,1) = hwywini), H

where the time dependence of the population of the ith
level n(f) is determined by the initial population of
levels as a result of light absorption n(0) = ng and by
transition probabilities and can be found from the solu-
tion of a set of kinetic equations for populations n{t) =

M_MGS__.\:Q. In the general case, elements of the

j
matrix [@(f)] are expressed as sums of exponential

functions exp(~w,f), where w, = M W,, are total prob-
<

abilities of transitions from E%Eﬂ state to all lower

states. Coefficients of exponentials are determined by

probabilities w,, and, for wy, = Wy, @,q9 #p. 9>

additionally contain multipliers polynomial with

respect to t.

The initial population ny; after absorption depends
on the concentration of molecules C, their relative ther-
mal distribution over levels N, before absorption (Bolt-

zmann distribution), absorption probabilities :\www ,and
In(oy, 1 (spectral
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Fig. 1. (a) Multidimensional (time-resolved) luminescence spectrum of the butadiene molecule, (b) spectral curve for the fixed point
in time ¢t, (c) integral spectral curve for the time Ar, and (d) spectral curve for the fixed frequency Sw».

composition and time shape of the pulse) and can be
represented by the formula

T
l abs
33. = MOMS\:\G 2~.‘-NOA8¢., mv&? ANV
! 0

where we assume that the pulse duration is much
smaller than the lifetime of excited levels, so that fluo-
rescence during excitation can be neglected. Without
loss of the generality of consideration, we can assume
that the pulse of exciting radiation is rectangular
T

._.? (wy;, 1)dt = Iy(@;)T with a narrow spectral composi-

Q . .
tion corresponding to the resonance excitation of mol-
ecules to the nth state with the frequency wy,: (I(ewy) =

1,8(0g; — ,)), and the temperature is sufficiently low

(T = 0 K, which is typical, e.g., for a supersonic jet
experiment), so that before light absorption all mole-
cules are in the lowest (zero) state; N, = §;, (, is the
Kronecker symbol). Then, taking into account the rela-
tionship between the emission and absorption probabil-

ities | w, = q.«.wlwew%wwﬁ , expression (1) is trans-
C
formed to
I (0, 1)
b ®
nc 3

= lwlaﬁe;emw_s;ééﬂeﬁv_:.

Relative intensities of the observed luminescence spec-
trum I°™(w, 1)/l explicitly depend on the concentration

DOKLADY CHEMISTRY  Vol. 374 Nos. 4-6 2000

Kopie bereitgestellt durch Nds. Staats- und Universitaetsbibliothek Goettingen



ON THE POSSIBILITY OF STANDARDLESS ANALYSIS 205

IE™(w, 1) b

(a)
3
W3 Wi — N AN/
2
W3y N A A A AN AN
W1 F— AN NN
1
(c) (d)
153 (w3, 1) 81 (o, 1)

Wit

(e)

&1 (wyy, 1)

Fig. 2. Three-level model: (a) level system; {b) ernission spectrum in the whale frequency range recorded at lime fp; and time depen-
dences of line intensities corresponding to transitions (¢) 3 — 2.ey2—o Land (e)3 > L

of molecules C, which opens up the possibility of its
determination from this spectrum. The structure of
expression (3) makes it possible to solve the problem of
the qualitative and quantitative spectrochemical analy-
sis of a substance in two steps, which significantly sim-
plifies the experiment. Indeed, it is possible to record
relative line intensities (and transition frequencies) of

the time-resolved emission spectrum (Fig. 1a) 3’ (g,
£) ~ 0w [ D@1, and, from these experimental data, to
determine frequencies and probabilities of vibronic
transitions. Methods for solving these problems for
time-independent vibrational -and vibronic spectra
(Figs. 1b, 1c) were developed in {6, 7] and can be easily
extended for the case of time-resolved spectra.
Obtained “experimental” values of transition frequen-
cies and probabilities make it possible to pose and solve
problems of the qualitative analysis of a substance
using molecular simulation methods developed previ-
cusly [6, 8] and to refine parameters of molecular mod-
els in the ground and excited states (geometry, force
constants, etc.).

For determining the concentration of molecules C
and, consequently, the implementation of quantitative
standardless analysis, it is now sufficient to measure the

relative intensity Ie™(wy, Hfly (3) for only one fre-
quency 0% and point in time £* rather than in all (or
many) spectral and time intervals (Fig. td).
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Thus, the proposed approach provides the qualita-
tive and quantitative analysis of a substance without
using samples of standard composition and barely
implemented measurements of absolute integrated
absorption and luminescence intensities.

This is the general concept of our approach. It can
be most clearly illustrated with an example of a three-
level model (Fig. 2). For the initial excitation to the
state 3, the emission spectrum contains three lines cor-
responding to the transitions 3 — 1,3 = 2, and2 — 1
(Fig. 2b). The time dependences of their intensities are
different; in particular, for the transition 2 — 1, the
dependence is of biexponential form (Figs. 2c2e):

Iy, t ,nn.u -2 —
mLA 3k v“ llAQQum_S\W_N u“ mm_.v
Fi 2
~M_.M=A8um. mv qﬁh.m -3 —wyl
bq = dlﬁqewmewms\.w_:\.wwm i 3 AMV
0
£m
5y (0, £}
i
0 (6)
2
c 3 Wy WoWag  —wyr -wal
= —1Cm,m =(g ~—e
5 T R—— ( ),
Wy = Wy 4 Wy, Wy = Wy N
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Relative line intensities of the spectrum at the given #,
give a set of equations for the determination of relative
s o w s 15 (O, ¢
transition probabilities, e.g., — = Iﬂmwtm!&
Wi B2 157 (@3, 1)
Additional information of the time dependence of the
spectrum makes it possible to determine the total prob-
I5'(1)
137 (1y)
into account expressions (7), makes the problem of
absolute values of transition probabilities w; com-
pletely definite and easily solvable either directly or, in
a more complex case of the multiexponential time
dependence of the spectrum, by methods for solving
inverse problems. This can be always done with a suf-
ficient quantity of experimental data (relative intensi-
ties at different points in time).

abilities, e.g., w3 = (£, — t,)'In , which, taking

This is the main and qualitatively new information
provided by time-resolved spectra for analyzing com-
plex molecules and their mixture in comparison with
conventional spectra.

Concentration C is easily determined from relative
fluorescence intensity (4)-(6) for known transition
probabilities wy. For quantitative analysis, it is suffi-
cient to record spectra not in the whole frequency
range, but only in its part corresponding to transitions

€Nt

from one initially excited state 73, (w3, ) and 13, (0y,,
1) (see Figs. 2c, 2e) because intensities of these lines are
independent of the characteristics of the transition
2 —= 1. This significantly simplifies the solution of
inverse problems and the analysis because time depen-
dences for all these lines are identical (exp(-w;t)) and
are determined by the total probability of transitions
from state 3. This fact can also serve as a criterion for
the selection of experimental lines in posing inverse
problems (i.e., lines that correspond to another transi-
tion but fall into the given frequency range are excluded
from consideration). Other parts of the full spectrum (in

the given case, I3, (), 1), see Figs. 2b, 2d) can be use-
ful in qualitative analysis because they provide more
complete information on the levels of the molecule and
transition probabilities (@, wy;).

Actual large molecules exhibit a complex system of
vibronic energy levels and, from this standpoint, signif-
icantly differ from the simplest three-level models.
However, to a good approximation for an appropriate
experiment, the above results are also applicable to
complex molecules.

Let a molecule be resonantly excited with a short
radiation pulse to the second purely electronic (v} =0)

state. The fluorescence spectrum of the transition 2 —»
1 will involve vibrational structure (0 —~ v) with a
large number of lines with the intensities

iy, 1) e’ -3 Wyt
= 7 - uMaQSM_ASN_LEN?EEBL<m
0

» (8)

where Wy, = @y — Meﬁ.s, ®,; and v; are the fre-

H
quency and quantum number of the ith vibration,
respectively, w,, is the probability of the purely elec-
tronic transition with the frequency ,;, way, =
w,,{0]v)? are the probabilities of vibronic transitions 2,

0 — 1, and v, (0]v)? are Franck—Condon factors. We
assume that ©,9_,,, = ®;;, which is a good (within 10%)
approximation because for large molecules vibrational
frequencies are smaller than frequencies of electronic
transitions by an order of magnitude. In addition,
changes in molecular structure on electronic excitation
are rather small, and the most significant integrals
{v|v) are those for which changes in quantum numbers
are no larger than 1; therefore, the total probability of
the transition from state 2 is equal to the probability of
the purely electronic transition w,,.

The time dependences of line intensities in the
vibrational structure of the spectrum are identical, and
the problem is quite analogous to the three-level model.
Hence, it follows that vibrational transitions v; —= v,
in the ground electronic state (IR spectrum) are insig-
nificant and can be neglected in quantitative analysis.

For rarefied gases (intermolecular interactions and
radiationless transitions can be neglected), the same
result is obtained on the wide-band excitation of mole-
cules,

Unlike rarefied gases, in sufficiently dense media
(dense gases, liquids, etc.), intermolecular interactions
can play an important role. Intermolecular interactions
lead to the transfer of the internal energy of a vibroni-
cally excited molecule to external (translational)
degrees of freedom with the transition of the molecule
to a lower vibronic state and an increase in the temper-
ature of the medium. In this case, the information con-
tained in the emission spectra in relative intensities is
insufficient for finding all necessary transition proba-
bilities and determining the concentration C. This is
due to the fact that in this experiment the fraction of
absorbed energy that was converted to the thermal
motion of molecules by radiationless transitions
remains unknown, It is necessary either to measure
absolute intensities, which is very complicated in prac-
tice, or to use an additional experiment that provides
the determination of the fraction of energy converted to
heat.

We will not enlarge upon this problem because it
requires special consideration in detail (it will be the
subject of a separate publication); however, note that
the measurement of a change in the temperature of the
medium as a result of light absorption and emission can
be used as this additional experiment. Thus, the pro-
posed approach to the standardless spectrochemical
analysis of substances can be also used for rather dense
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media along with rarefied gases. It also provides the
possibility of experimentally determining radiationless
transition probabilities and constructing comprehen-
sive molecular models [9].

This approach can be easily extended to the case of

multicomponent mixtures with concentrations C, 5,
ey ﬁ._zm

cm
!

ik Aetﬁ _«v ._.ﬁhm ! q g
3 _._”M Qa_—\ﬁﬂ.mﬁs;u Mvu A@V
g=1

I 2
where WY, = @, (0, ) wiwly (D)%, . In fine-struc-

ture spectra, intensities are normalized to the line inten-
sity of one of the componenis of the mixture (gg),

L (oh 1) _ 1

em 4o
Iy (), fo)

o C

- Y Whiwln, (10
f\o AEO. novmn_ 4o

and depend on relative concentrations. Total probabili-
ties w! are determined from the time dependence of
lines corresponding to the gth compenent of the mix-
I (o 1) _ Wil 1)
I (0 1) Wi (0, 12)

sition probabilities w¥ /w!, and, consequently, abso-

, whereas relative tran-

ture,

lute values of w? (because total w! are known) are

determined from relative line intensities in the vibra-
tional structure of the spectrum corresponding to the
gth component. Then, the ratio between fine intensities
of different components (10) yields relative concentra-

tions C,, = C,/C,,, and relative intensities (9) yield the
value of Qs_ and, consequently, the absolute values of

. ]
concentrations C, P Gaﬁg.

In the case of non-fine-structure spectra with over-
lapping lines of different components of the mixture,
the time dependence of their intensity is of complex

“multicomponent” character, 1°™(f) ~ Y A exp(—w £).
p gCXPL—W,

q

Nevertheless, with a sufficient number of experimental
values I¢™(z;), all total probabilities w, can be deter-
mined. The algorithm for solving the problem of the
quantitative and qualitative analysis of a mixture is the
same as for a fine-structure spectrum except that the
sum over all components of the mixture must be taken
in line inteusities.
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The above-considered demonstrated that a method
for the standardless quantitative and qualitative analy-
sis of complex compounds and their mixtures can be
developed on the basis of time-resolved vibronic spec-
troscopy in the UV and visible regions. Among the
main advantages of this approach compared to existing
methods [1-5], we emphasize the following.

Under particular conditions, quantitative analysis
can be completely transferred to the experimental basis
without preliminary calculation of absolute intensities
for raolecular models corresponding to the test sub-
stance. Thus, this opens the possibility of the simulta-
neous quantitative and qualitative analysis of unknown
compounds and their mixtures in one experiment.

The use of luminescence spectra significantly
improves the sensitivity of standardless analysis and
provides remote probing of media under study.

The method is the most efficient for rarefied gases,
which can be easily attained in many important cases in
practice (air impurities in the upper atmosphere, analy-
sis of samples of substances in laboratory conditions,
etc.).

With the use of an additional “temperature” experi-
ment, the method also provides information on radia-
tionless transitions, which is of great importance in the
direct analysis of dense gases and in the simulation of
intermolecular interactions [9].
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