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Thermal lens spectrometry as a tool for determination of
stability constants of complex compounds
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The potential of thermal lens spectrometry in the determination of stability constants of
complex compounds was explored using copper(i) and iron(i1) complexes with 1,10-phen-
anthroline and 2,9-dimethyl-1,10-phenanthroline as examples. Thermal lens spectrometry
offers advantages over conventional spectrophotometry in the determination of stability con-
stants both in aqueous and nonaqueous media. The overall and stepwise stability constants of
iron(11) tris(1,10-phenanthrolinate), copper(i) bis(2,9-dimethyl-1,10-phenanthrolinate), and
copper(1) bis(1,10-phenanthrolinate) were determined at levels as low as 1073—10~¢ mol L.
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Thermal lens spectrometry (TLS) is a modern analyti-
cal method of molecular absorption spectroscopy used
primarily for determining traces of various compounds.
Thermal lens spectrometry combines high sensitivity, a
nondestructive character, and a methodological diversity
of conventional spectrophotometry.1=4 Nevertheless, the
potential of TLS as a method of investigation of reactions
at nanogram levels has not been fully explored.

The determination of stability constants of complex
compounds is an important problem of analytical chem-
istry. The development of analytical methods is accom-
panied by the lowering of detection limits and changes in
the conditions of analytical reactions. As a result, avail-
able thermodynamic and kinetic data on these reactions
can become out-dated and require refinement to provide
better conditions for analytical determination at nano-
gram levels.5—8 This necessitates the use of modern and
highly sensitive analytical methods, among which TLS
occupies a significant place. Hence, a combination of the
characteristic features of TLS and the available approach
to the determination of stability constants associated with
the use of conventional methods becomes an important
problem. The solution of this problem provides a way of
extending the possibilities of TLS in both fundamental
research and determination of trace amounts.

In the present study, we determined the stability con-
stants of transition metal complexes by spectrophotom-
etry and TLS in going from microgram concentrations of
the reagents to nanogram amounts using iron(1r) #ris-(1,10-
phenanthrolinate), copper(1) bis-(1,10-phenanthrolinate),
and copper(1) bis-(2,9-dimethyl-1,10-phenanthrolinate)
as examples. Methodological and analytical aspects of the
stability constant determination by TLS are discussed with

special emphasis on the advantages and limitations of this
method in studies of chemical equilibria at nanogram
concentrations.

Fundamentals of thermal lens spectrometry

Thermooptical methods are based on changes in the
optical characteristics of the medium, which appear due
to absorption of laser radiation and are quantitatively mea-
sured.!=4 The most widely used effect, viz., thermal lens-
ing, can be characterized as a thermally induced refrac-
tive index change.?* Laser irradiation of the absorbing
medium (intensity profile of laser radiation is similar to a
Gaussian curve) causes local heating giving rise to a tem-
perature gradient, the maximum heating being observed
at the center of the beam and the temperature gradually
decreasing to room temperature with distance from the
center.14 An increase in the temperature leads to a refrac-
tive index change with the result that the refractive index
distribution corresponds to the energy distribution in the
incident beam. This gives rise to an optical element analo-
gous in action to a diverging lens; this element is called a
thermal lens.? A thermal lens, like any optical diverging
lens, changes the laser beam divergence, i.e., a viewer
sees an increase in the beam size when looking on a screen
placed in the beam path.!>2

In practice, thermal lens measurements are carried
out with the use of various photodetectors. In principle,
one can measure the broadening of the beam inducing a
thermal lens. However, such experiments are associated
with a number of technical problems. Because of this,
thermal lens spectrometry makes wide use of dual-laser
optical schemes, in which a powerful (as powerful as pos-
sible) laser (excitation laser) serves to induce a thermal
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Signal

Reference
signals

Fig. 1. Pincipal scheme of thermooptical measurements: 7, an
excitation laser; 2, a probe laser; 3, a system for beam focusing
and convergence; 4, a sample under study; 5, a photodetector;
6, a synchronization system; 7, a reference channel photode-
tector.

lens, thus providing high sensitivity of measurements, and
then laser radiation is rejected by an optical filter.1:34
A change in the divergence of the second (probe) low-
power (but stable) laser beam, which provides high accu-
racy of measurements, serves as a signal.

The principal scheme of thermooptical measurements
is shown in Fig. 1. The synchronization system, which
provides synchronization of the onset of the formation of
a thermooptical element and the onset of signal accumu-
lation, most commonly consists of an electromechanical
chopper (for beam modulation of an excitation continu-
ous wave laser), a controlling block, and a photodiode.
The function of the reference signal is to record the cur-
rent power of the excitation beam and normalize the sig-
nal to improve the accuracy of measurements.

The detector (photodiode with an aperture) is used to
measure a decrease in the intensity at the center of the
probe beam according to the equation

o= (Ioff - [on)/Iona (1)

where I and I, are the intensity of the probe beam
without a thermal lens (either an excitation laser is
switched off or its beam is shut off by a chopper) and the
intensity of the thermal lens (either an excitation laser is
switched on or its beam is opened), respectively.

Characteristics of thermal lens signal

A single measurement of a sample is an instrumental
signal from a sample © calculated from Eq. (1). The fol-
lowing parameter is used as an analytical thermal lens
signal:

0 =2.303E4 = 2.303EyP.A, )

where P, (W) is the power of radiation that induces a
thermal lens, A is the absorbance of a sample (medium),
and E| is the thermal-lens enhancement factor for unit
power of excitation radiation (W-1)

Ey = (=dn/dT)/(kck). 3)

Here . is the wavelength of the excitation laser (nm),
dn/dT is the temperature gradient of the refractive in-
dex (K1), and k is the thermal conductivity coefficient
(mW cm~! K-!). The analytical signal (8, Eq. (2)) is
related to the instrumental signal (0, Eq. (1)) by the
equation

0= 1_— \,ﬁ+l, (4)

B
where B is the geometrical constant of the thermal lens
signal

1 2mV
B = —arctg| — = ——— 5
2arcg[]+2m+v2], (5)

which takes into account the distance between the probe
beam waist and the cell with a sample V (in units of
confocal distances of the excitation laser) and the area
ratio of the cross-sections of the probe and excitation
beams in the sample m. The best geometrical constants m,
V, and B and the accuracy of their measurement are given
in Table 1.

The signal S (absorbance 4 measured relative to a
solution of the control experiment or the thermal lens
signal 6 (Eq. (2)) minus the thermal lens signal of the
control experiment) is used as the experimental value.

Table 1. Parameters of the dual-beam thermal lens spectrometer

Parameter Value
Excitation  Probe
laser* laser
Wavelength A./nm 488.0 632.8
(514.5)
Focal distance of the 300 185
focusing lens/mm
Confocal distance/mm 23.2 3.1
(22.0)
Laser power in the cell/mW 45—800 3
(80—1500)
Diameter of the beam 60 25

waist cross-section/um
Optical scheme
of the instrument

Optical path length (mm) 10.1
Cell-to-detector distance/cm 120
Area ratio of the cross-sections 2.0010.05
of the probe and excitation beams
in the cell m, Eq. (5)
Relative distance from the excitation 3.10x0.05
beam waist to the cell V, Eq. (5)
Geometrical constant of the 0.35240.006

spectrometer B, Eq. (5)

*The values for the wavelength of 514.5 nm are given in paren-
theses.
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The parameter calculated from Eq. (6) is used as the
sensitivity coefficient of thermal lens measurements.

¢ =0/c = (2.303E,P,A)/c = 2.303E,Pl. (6)

Calculations of overall stability constants
Competitive ligand complexation

The formation—dissociation reactions of [Fe(Phen);]**
(Phen is 1,10-phenanthroline, Scheme 1)°—11 and
[Cu(dmp),]* (dmp is 2,9-dimethyl-1,10-phenanthroline,
Scheme 2)12 in acidic solutions were studied.

Scheme 1

1

Fe2* + 3 Phen [Fe(Phen)]2* + 2 Phen =—=

=== [Fe(Phen),]?* + Phen — [Fe(Phen)5]2*

i. Rapidly. ii. Slowly.

Scheme 2

Cu* + 2 dmp == [Cu(dmp)]* + dmp === [Cu(dmp),]*

The reactions were carried out in the presence of a
large excess of the reagent at low pH (<3.5). Under these
conditions, ligand protonation occurs as a competitive
reaction. The equilibrium concentration of the ligand L
(Phen or dmp) was determined according to the equation:

_ L
where K is the equilibrium constant of ligand protona-
tion; stepwise complexation was ignored. The equilib-
rium concentration was determined on the assumption
that ¢ > [MLA4"] (M = Cul, Fell), which is necessary
for Eq. (7) to be fulfilled:

Bz(M,L)CM [L]*
1+ B, mp)lLI°

In the presence of a large excess of the ligand and at
low pH, the consumption of the ligand for complex for-
mation can be ignored. The theoretical signal was calcu-
lated by the equation:

[MLL"] = ®)

_ MLE]

‘™M

S S &)

max?

where S, is the analytical signal on condition that
ey = [ML7*]. The stability constants B, 1, were calcu-
lated from the segment intercepted by the line

S

y=lg——
Smax =S

= lgB, ) T 2lelL] (10)

on the Y axis; the concentration [L] was calculated from
Eq. (7). The number of coordinated ligands z was calcu-

lated from the line slope. The stability constants were
more precisely evaluated by substituting the stoichiometric
value z = 2 (for [Cu(dmp),| ") or z = 3 (for [Fe(Phen);]**)
into Eq. (10):

logBs(cu,dmpy = ¥ — 2log[dmp], (11)

10gB3(Fe,Phen) =Y- 310g[Phen] (12)

Competitive metal complexation

For the competitive reaction at the complex-forming
metal atom, we studied complexation of copper(1) with
Phenina4:1 DMSO—MeCN mixture:!3

[Cu(MeCN),]*" + 2 Phen === [Cu(Phen),]* + 4 MeCN,

which was accompanied by competitive complexation of
copper(1) with MeCN:

Cu* + 4 MeCN === [Cu(MeCN),]*.

When acetonitrile is in large excess (cyecn > Ccu)s it 1S
reasonable to assume that [MeCN] = cp;.cn- The stability
constant 10gBycy phen)OMS©) was calculated from the seg-
ment intercepted by the line in the coordinates

4
cmecn®/6,

lg
Ccu(mecn), ~8/8;

= 1B, 2 18(Cppen—20/5;) (13)

on the Y axis. The stability constant in an aqueous me-
dium, 10gBy(cy, phen)*@, Was calculated on the assumption

that By(cu,MecN)C MecN > 1

4
e Ba(cu,Mecn)MecN®/Ey _
Ceumecn), ~ 9/5;

= lgﬁgi((lj)u,Phen) + zlg(cppe, — 26/8,). (14)

The coefficient &,, which is equal to the theoretical signal
of a [Cu(Phen),]* solution with a concentration of
1 mol L—1, was calculated by the equation

C2 = 2'303£[Cu(Phen)2]/E0Pe' (15)

Assuming the stoichiometric value z = 2, the over-
all stability constants of [Cu(Phen),]" in a 4 : 1
DMSO—MeCN mixture and water were calculated from
the equations

4
Bk Fhen) = uecn®/s (16)
u,Phen 7
(Ccumecn), = 8/8)(Cppen = 28/8;)
(aq) — Rp(DMSO)
B3(Cu,Phen) = P2(Cu.Phen)Pa(cu,MeCN) - (17)
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Calculations of stepwise stability constants
Copper(1)— 1, 10-phenanthroline

To determine the first-step stability constants, we used
an approximation, according to which the only homoleptic
complex [Cu(MeCN),(Phen)] is formed by the reaction

(DMSO)
[Cu(MeCN),]* + Phen s——tc »

=== [Cu(MeCN),(Phen)]* + 2 MeCN,

which is true for solutions containing copper in a low
concentration and small amounts of 1,10-phenanthroline
(Cphen = €cy)- In addition, cp.cn > ¢y Hence, we as-
sumed that [MeCN] = cp.cn- The first-step stability con-
stants of the complex in a 4 : | DMSO—MeCN mixture
and water were calculated from the equations:

2
¢ 0/¢
K(DMSO) — MeCN 1 , (18)
1(Co.Phen) (Cppen — 8/¢ )(CCu(MeCN)4 -8/¢)
(aq) — x(DMSO)
Kl(agu,Phen) - K](Cu,Phen)B2(Cu,MeCN)' (19)

The {,; coefficient, which is equal to the theoretical
thermal lens signal of a solution containing the
[Cu(MeCN),(Phen)]* complex in a concentration of
1 mol L—!, was calculated by the equation

&1 = 2.303¢;cy(MecN),Phen) Eo Pe- (20)

To estimate the second-step stability constants, we
used an approximation, according to which copper
is present only as the [Cu(MeCN),Phen]* and
[Cu(Phen),]* complexes:

(DMSO)

2(Cu,Phen)
[Cu(MeCN),Phen]* + Phen =—=

== [Cu(Phen),]* + 2 MeCN,

which is true for solutions containing an excess amount of
Phen. The second-step stability constants in a 4 : 1
DMSO—MeCN mixture and water were calculated ac-
cording to the following equations:

DMSO —
K oy = X/(Y-2), Q@1

6 - §1CCu(MeCN>4 )
7 7 ‘MecN’
5H-g ¢

8 = Ciccumecny,

Cz—Cl

Y

s

= Ccu(MeCN),

6 = CiCcumecn),

Cz—Cl

Z

= CPhen ~ ~ €Cu(MeCN),

K (aq)

B
_ »(DMSO) P4(Cu,MeCN)
2(Cu.Phen) — K = (22)

2(Cu,Phen) BZ(Cu MeCN) >

where {; and {, were calculated from Egs (20) and (15),
respectively.

Copper(1)—2,9-dimethyl- 1, 10-phenanthroline

The stepwise stability constants Kjcydmp) and
Ky (cu.amp) Were calculated by Yatsimirsky's method 31415
We derived the equations using the following approxima-
tions: (1) complexation occurs stepwise and the com-
plexes are in the equilibrium state, (2) only [Cu(dmp)]*
and [Cu(dmp),]* contribute to absorption, whereas all
other components of the system show no significant ad-
sorption at the operating wavelength. The stability con-
stants were calculated according to the following equa-
tions:

K\ (cudamp) = (a1by + azby)/(aby + b,?), (23)
Kycu,amp) = a2(1 + by)/(a1b) + ayb,), (24)

where the a; and a, parameters were evaluated on the
assumption that the total concentration of the ligand tends
to zero:

a = lim —>—
c -0 CMI[L]

and

_ S
% = c{‘To[[c'M/[u - J/[ L]]’ >

and the b; and b, parameters were evaluated on condition
that [L] — oo:

b = lim S
[L]—eo ch
and
b, = lim |-3- — 5, |[LI. (26)
2 el oyl !

In addition to Yatsimirsky's method, we calculated
the stepwise stability constants of the copper(1) complexes
from the experimental data, and solved the reverse prob-
lem, i.e., calculated the dependence of the degree of com-
plexation on the excess amount of the reagent in solution,
using a polynomial least-squares method.

Experimental

Experiments were carried out on a dual-beam dual-laser
thermal lens spectrometer.16:17 The thermal lens was induced in
a cell with an Innova 90-6 argon ion laser (Coherent, USA) at
A, = 488.0 and 514.5 nm (TEM,, mode). An SP-106-1 helium
neon laser (Spectra Physics, USA) with &, = 632.8 nm (4 mW in
a cell with a sample, TEM; mode) was used as the probe laser.
The signal (intensity at the center of the probe beam) from the
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photodiode was passed through an amplifier and directed to an
ADC—DAC (analogue-to-digital converter and a digital-to-ana-
logue converter) board installed on an IBM PC/AT. Measure-
ments were synchronized on the computer using a specially
designed program package.!® Thermal lens measurements were
carried out in quartz cells with a 1-cm optical path length. The
wavelengths of the excitation laser (488.0 and 514.5 nm) were
chosen taking into account the maximum sensitivity of mea-
surements (molar absorptivities of the complexes and laser ra-
diation power). The characteristics of the thermal lens device
are given in Table 1. The curve of the instrumental error of a
thermal lens spectrometer is described by the following equation:

_ 0.2764(1262 — 675)/[63(8.16 — 650)]
0.21/-0(8.16 - 650) — 1.96

S1rs 27)

Spectrophotometric measurements were carried out on an
SF-46 spectrophotometer using quartz cells (/ = 1 c¢cm). The
copper content in the complex with MeCN was determined on a
DR/2010 portable microprocessor-controlled spectrophotom-
eter (HACH, USA). A universal EV-74 ionometer equipped
with a glass indicator electrode and a silver chloride reference
electrode was used to measure pH. The accuracy of measure-
ments of pH was +0.05.

The glassware (AO Khimlaborpribor, Klin, Russia) were
made of a P2-20-14/23 glass (content: SiO,, 74%; Al,05, 5%;
B,0;, 8%; CaO + MgO, 1.2%; Na,0, 5%; K,0, 2.8%;
BaO, 4.0%; Fe,03, at most 0.20%; SO;, at most 0.40%; Sb,03,
at most 0.40%).18

The geometry of the Phen and dmp molecules and their
complexes with copper(i) was calculated by the PM3 method
(CS MOPAC, CambridgeSoft Corp., Cambridge, MA, USA).
The electron densities in the molecules of the reagents were
calculated using the CS Chem3D Pro® program package
(CambridgeSoft Corp., Ver. 5.0).

The following solvents were used: bidistilled deionized water
(Milli-Q, Millipore ultrapure water system, France: the specific
resistance was at least 18 MOhm cm; the concentration of or-
ganic impurities was at most 5 ng mL~!; the metal contents were
lower than the following values: Cu, 5+1079%; Fe, 2-1079%;
Co, 2-10719%; Ni, 7-1079%); rectified ethanol was purified by
double distillation (#, = 78.4 °C) according to a known proce-
dure;! MeCN was of reagent grade; DMSO was a pharmaceuti-
cal material, which was purified from water by drying over CaCl,
or BaO during a period of time from 1 h to one week followed by
vacuum distillation (#, = 190 °C, ¢, = 18 °C). The thermal lens

signals of the solvents and the calculated thermal-lens enhance-
ment factors under the experimental conditions used (Eq. (2))
are given in Table 2.

The following reagents were used: copper(i1) sulfate penta-
hydrate (analytical grade); a standard sample with iron(111) con-
tent of 0.1 g cm™3 (GSO 5219-90); concentrated aqueous am-
monia (high-purity grade); ascorbic acid (pharmaceutical ma-
terial); sodium perchlorate (analytical grade); copper(i1) oxide
(analytical grade); copper(i) oxide (analytical grade);
57% perchloric acid solution (reagent grade); potassium hydr-
oxide (analytical grade); concentrated sulfuric acid (reagent
grade); potassium sodium tartrate tetrahydrate (analytical
grade); 1,10-phenanthroline hydrochloride (high-purity grade);
1,10-phenanthroline monohydrate (analytical grade); 2,9-di-
methyl-1,10-phenanthroline hemihydrate (analytical grade).
The copper(1) complex with acetonitrile [Cu(MeCN)4]CIO4 was
synthesized according to a known procedure.?!

Determination of stability constants in a copper(1)—2,9-di-
methyl-1,10-phenanthroline system. A solution of potassium so-
dium tartrate (2 mL, 0.01 mol L™!), a solution of ascorbic acid
(I mL, 0.001 mol L™!), and a solution of 2,9-dimethyl-1,10-
phenanthroline (2 mL) in 50% aqueous ethanol (stoichiomet-
ric excesses over copper in the final solution were 0.5—70)
were added to a solution containing the required amount of
copper(11) (the final concentration was 1-10=* mol L~! or
1+1073—1+10"7 mol L~!). The required pH (0—6.5) in the so-
lution was achieved by adding sulfuric acid (0.001—5 mol L~1).
The volume of the solution was increased to 10 mL by adding
distilled water. The solution was kept on a warm water bath
(at 60 °C) for 30 min and then cooled to room temperature.
Spectrophotometric measurements were carried out at 456 nm
relative to a solution from the control experiment. Thermal lens
measurements were carried out at 488.0 nm.

Determination of stability constants in a copper(1)—1,10-
phenanthroline system. A solution of 1,10-phenanthroline in
DMSO (stoichiometric excesses over copper in the final solution
were 0.5—100) was added to a solution of [Cu(MeCN)4]CIO,
(2mL, 1.2-1073 and 6.3- 1076 mol L, respectively), contain-
ing MeCN and DMSO in a ratio of 1 : 4. The volume of the
solution was brought to 4 mL by adding a mixture of MeCN and
DMSO (1 : 4). All solutions contained ascorbic acid at a con-
centration of 6.3+ 103 mol L~!. The absorbance was measured
at 435 nm. Thermal lens measurements were carried out at
488.0 nm.

Determination of stability constants in an iron(i)—1,10-
phenanthroline system. A solution of ascorbic acid (1 mL) with a

Table 2. Thermal-lens enhancement factors £ = EyP, (Eq. (2)) and thermal lens signals of
the solvents used (after purification), 7= 293 K

Solvent Ao =488.0 nm, P, =0.12 W Ae =514.5nm, P, =020 W

E Signal FE Signal
Water 19.55+0.04 0.0010£0.0006 30.88+0.05 0.001040.0005
EtOH 308.610.1 0.02010.008 487.410.1 0.02010.007
DMSO 630£10 0.10£0.04 990£10 0.15+0.06
MeCN 580£5 0.010£0.007 910£5 0.010£0.005

Note: The thermal-lens enhancement factors were taken from the literature4 (water, EtOH)
or calculated from the data published in the study.20
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concentration of 7-10~7—7-10~3 mol L~! (a tenfold stoichio-
metric excess over iron in the final solution) and a solution of
1,10-phenanthroline monohydrate (stoichiometric excesses over
iron in the final solution were 0.5—300) were added to a solution
of iron(i1) (1 mL, 7-10~8—7+10~* mol L~!). The required pH
was obtained by adding a perchloric acid solution to the corre-
sponding concentration. The volumes of the solutions were
brought to 10 mL by adding distilled water. The absorbance and
thermal lens signals were measured at 514.5 nm.

Results and Discussion

Requirements for systems and methods of investigation
Jor calculation of stability constants

Let us estimate the optimum concentration level of
metals and the maximum stability constant that is pos-
sible to determine by spectrophotometry and thermal lens
spectrometry taking into account that the reasonable in-
strumental error should be at most 10%. At a 50% degree
of complexation, the error in determination of the
[ML,]/[M] ratio is minimum by definition (if the abso-
lute error in determination of the concentration of the
complex is constant). This point is determined by an equi-
librium concentration of a free ligand equal to half the
stoichiometric concentration.

Spectrophotometry is characterized by an instrumen-
tal error of £10% at an absorbance of 0.05.22 For the ML,
complex with ¢ = 1-10* L mol~! cm™!, the optimum
concentration ¢y; = n+107> mol L~!. Assuming that an
excess amount of the ligand (¢ = 10c),) is present under
the experimental conditions, the apparent stability con-
stant (in the conditions used) B, 1) < 10%,

At 6 = 0.015, the instrumental error of TLS is £10%
(Eq. (27)). In aqueous solutions (in the experimental con-
ditions used), 6/4 = 2.303E,P, = 25, whence it follows
that ¢y; = n- 1077 mol L= and By 1, < 105, In organic
solvents, 8/4 = 2.303E,P, = 300 (see Table 2), whence it
follows that ¢y = n+1078 mol L=! and B, < 107
Therefore, thermal lens spectroscopy allows one to deter-
mine the stability constants with the use of solutions con-
taining complexes in concentrations two—three orders of
magnitude lower than those required for conventional
spectrophotometry and gives estimates of the apparent
stability constants in a broader range.

Choice of systems for investigation

The restrictions on the above-mentioned maximum
stability constants determined from experiments can be
overcome by considering systems involving a competitive
reaction with metal or a ligand. In this case, the apparent
stability constants are determined experimentally, whereas
the thermodynamic constants are calculated from the
equilibrium constant of the competitive reaction.

The iron(i1)—Phen mixture is a system of choice for
examining the possibilities of TLS, because its absorption

Table 3. Stability constants of iron(i1) complexes with Phen

Method Concentra-  10gB3(Fe,phen)
tion range
/mol L-!
Kinetic!? — 21.5
Electromotive force? — 21.3
Spectrophotometry — 21.3
and potentiometry?7-28
Spectrophotometry — 21.14
(interphase distribution)23
Spectrophotometry n-103 (n=135) 21.5%0.3
n+1076 (n=15) 21.5%0.2
Thermal lens spectrometry, n-10=7 (n=11) 21.3%0.1
A =514.5 nm, P, =90 mW n-108 (n=135) 20.8%0.6

Note. T=293 K (P =0.95).

maximum (A, = 510 nm, g, = 1.11+ 10423 is virtually
equal to the main generation wavelength of an Ar* laser
(514.5 nm), while the free ligand shows no adsorbtion in
this region. The [Fe(Phen);]>" complex is thermodynami-
cally stable, and the stability constants were confirmed by
voluminous data obtained by different methods24—26
(Table 3).

For the [Fe(Phen);]?* and [Cu(dmp),]* complexes,
we used protonation of the reagent as a competitive reac-
tion. These compounds offer the following advantages:
the protonation constants of these compounds have been
determined with high accuracy and were confirmed by
independent methods,24—26 and the equilibrium concen-
tration of hydroxonium ions in solution can be deter-
mined by direct measurements. The [Cu(Phen),]* com-
plex is rapidly oxidized in aqueous and aqueous-organic
solutions. Hence, we used a4 : 1 DMSO—MeCN aprotic
mixture as the solvent. The reaction at the complex-form-
ing metal atom giving copper(1) complexes with MeCN
served as a competitive reaction.

Determination of overall stability constants
in aqueous solutions

The influence of the solvent composition on the
thermooptical effects plays the key role. However, aque-
ous solutions are unfavorable because of a small tempera-
ture gradient of the refractive index and high thermal
conductivity.1:34 The highest sensitivity of thermal lens
measurements, i.e., the best E; coefficient (Eq. (3)), is
achieved in organic media characterized by a large tem-
perature gradient of the refractive index and low thermal
conductivity. However, water is more available as the
solvent, can easily be purified, and serves as a convenient
reaction medium. In addition, short-period vibrations of
the thermal lens signal, which directly affect reproduc-
ibility of measurements, are substantially smaller in aque-
ous solutions than in organic media.® For this reason, we
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25 30 35 [Phen]: [Fe]

Fig. 2. Plot of the thermal lens signal in an iron(i1)—Phen sys-
tem (cg. = 7+10~7 mol L) in the presence of a tenfold molar
excess of ascorbic acid vs. the reactant concentration in an aque-
ous solution, pH 4.2; experimental (dotted curve) and calcu-
lated (solid curve) data; A, = 514.5 nm; P, = 45 mW. The
stability constants are given in Table 3.

determined the stability constants of [Fe(Phen)3]2+ and
[Cu(dmp),]™ in aqueous solutions.

For the iron(11) complexes, the stability constants
(n+1073 and n-10~7 mol L~! determined by spectropho-
tometry and TLS, respectively) are equal to each other
and to the corresponding values published in the litera-
ture?:10,23,25,27,28 (see Table 3). The plots of the thermal
lens signal vs. the metal to reagent ratio calculated by
Eq. (9) from the stability constants (Fig. 2) and the plots
of the concentration of the complex vs. pH (Fig. 3) agree
well with the experimental data. These results were ob-
tained throughout the concentration range used,
n+10~8—n-10~° mol L~!. A high accuracy of the stability
constants of [Fe(Phen)3]2+ determined by TLS at a level
of n+10~7—n+10~% mol L~! (see Table 3) is attributable
to the fact that the measurements were performed in sub-

Table 4. Stability constants of copper(1) complexes with dmp

0.15

0.10 |

0.05 |

2.5 3.0

0 3.5 pH

Fig. 3. Plot of the thermal lens signal of an aqueous iron(ir)
solution (7-10=7 mol L~!) in the presence of 1,10-phen-
anthroline (3 - 10~> mol L~!) and ascorbic acid (7 10~¢ mol L~1)
vs. pH; experimental (dotted curve) and calculated (solid curve)
data, A, = 514.5 nm, P, = 45 mW. The stability constants are
given in Table 3.

stantially more dilute solutions than those used in spec-
trophotometry, which better corresponds to the ideal so-
lution approximation.5 In addition, the [Fe(Phen);]?*
concentration range under study corresponds to the re-
gion of the lowest instrumental error of thermal lens mea-
surements (Eq. (27)).

A comparison of the stability constants of the copper(1)
complexes with dmp (1ogBycy amp) = 19.1, Table 4) and
Phen (logBycy, pheny = 15-8, Table 5) demonstrates that
they differ from each other by more than three orders of
magnitude. However, the introduction of the Me groups
at positions 2 and 9 increases steric selectivity of dmp to
copper(i) compared to Phen 525 and should not affect
substantially stability of the complex only due to the in-
ductive effect. This is confirmed by calculations of the
geometry and the charge density distributions for Phen
and dmp and their complexes with copper(1).”

Method Copper concentra- Calculation method 10gB5(cu.dmp) 108K (cu,dmp) 108K (cu.dmp)
tion/mol L-!
Potentiometry!2 n-104 — 19.1
Spectrophotometry n-10~* (n = 10) — 16.2£0.2 — —
pH 1.30
Thermal lens n+10=5 (n = 10) Without consideration 16.2£0.2 — —
spectrometry pH 2.40 for stepwise complexation
Yatsimirsky's method 15.31+0.8 7.8%0.5 7.5+0.5
Parametric method 15.4x0.5 7.910.3 7.5+0.3
n-107% (n =5) Without consideration 16.0£0.5 — —
pH 3.15 for stepwise complexation
Yatsimirsky's method 15.5%+0.9 7.910.5 7.6%0.5
Parametric method 15.320.6 7.8+0.3 7.5+0.3

Note. . = 456 nm (spectrophotometry); A, = 488.0 nm, P, = 90 mW; T'= 293 K (TLS) (n = 5—10, P = 0.95).
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Table 5. Stability constants of copper(i) complexes with Phen in a DMSO—MeCN solution (4 : 1)

Method Ccu
/mol L1

Calculation method

10gB5(cu, Phen)

(DMSO) 1og Ky pheny "M 108Ky cy phen) PMSO)

ne10—*
n-10—*
(n=10)
n+10-°
(n=218)

Kinetic data
Without consideration

Spectrophotometry!3
Spectrophotometry
Thermal lens Without consideration
spectrometry
Yatsimirsky's method
Parametric method

for stepwise complexation

for stepwise complexation

12.9 — —
13.5+0.5 — —

11.7£0.2 — —

11.1+0.8
11.3£0.6

5.8£0.4
5.9£0.3

5.310.4
5.4%0.3

Note. A, = 488.0 nm, P, =90 mW, T=293 K (P = 0.95).

Spectrophotometric measurements (Fig. 4, a) revealed
that the average number of the ligands z = 2.1%0.1 (see
Eq. (10), n =10, P=0.95). Calculations by Eq. (11) gave
10gB5(cy,amp) = 16.2£0.2 (see Table 4). The number of the
ligands estimated by TLS according to Eq. (10) in the
concentration range of #+10~%—#n+10-5 mol L-! was
2.0£0.2 (n = 5; P = 0.95). The stability constants evalu-
ated by TLS according to Eq. (11) differ slightly from
each other and from the stability constant determined by
spectrophotometry (see Table 4). The calculated plots of
the concentration of the complex vs. pH (Eq. (7)) and the
reactant to metal ratios (Eq. (9)) are also in good agree-
ment with the experimental dependences throughout the
concentration range used (see Fig. 4). On the whole, the
stability constant is much closer to 10gB;(cy ppeny = 15-8
published in the literature!? and to the value obtained in
the present study (see below). Therefore, a decrease in the
concentration of the reagents from n-10=5—n-10—4
mol L~!to n+10~8—n-10-% mol L~! is not accompanied
by substantial changes in complexation of iron(i1) with
Phen and of copper(1) with dmp.

At the same time, a comparison of the results of ther-
mal lens determination of the stability constants and ana-
lytical determination under the same conditions®2? (cp, =
n+10=7 mol L~! and c¢, = n+10~7 mol L~') shows that
reproducibility of thermal lens measurements of the sta-
bility constants (reagent saturation curves, Eqs (10) or (11)
and (12)) is better than that of analytical methods (cali-
bration curves).8:29:30 This is attributable to the fact that
the signal of the control experiment 6,, which is deter-
mined by nonselective absorption of the reagents and the
solvent, has virtually no effect on the reagent saturation
curve lying at high values of the signal and, consequently,
has almost no effect on the final stability constant com-
pared to the effect of the free term of the calibration curve
on its slope (see Ref. 22, Eq. (9.21)).

Determination of stability constants
in nonaqueous solutions

As mentioned above, the temperature gradient of the
refractive index in most nonaqueous media is higher than

0.6 |

02F

- ! ! ! ! !
2 4 6 8 10

[dmp] : [Cu]

0 10 20 30 40 50 [dmp]: [Cu]

Fig. 4. Plot of the analytical signal (8) in a copper(i)—dmp
system vs. the reactant concentration in an aqueous solution;
experimental (dotted curve) and calculated data obtained in the
present study, 10gBycyamp) = 16.2 (solid curve), lit. datalZ:
logBy(cu,dmp) = 19-1 (dashed curve). a, Spectrophotometry (cc, =
1-10~* mol L~!, pH 1.30, A = 456 nm); b, thermal lens spec-
trometry (¢, = 1+1073 mol L-1, pH 2.40, A = 488.0 nm; P, =
90 mW.). The stability constants are given in Table 4.

that in water.4 Therefore, the use of thermal lens spec-
trometry in nonaqueous solutions for the determination
of stability constants holds considerable promise due to
higher instrumental sensitivity of measurements. In the
present study, we performed such thermal lens measure-
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ments to determine the stability constants of the cop-
per(1)—Phen complex in DMSO—MeCN mixtures. The
formation of the copper(i) complexes with MeCN served
as a competitive reaction.

The advantages of this approach are that the concen-
tration of the free ligand in solution is a known and con-
stant value. Good solubility of the complex is provided by
DMSO, whereas MeCN, being simultaneously the ligand
and solvent, increases resistance of the [Cu(Phen),]* com-
plex to oxidation with atmospheric oxygen.3? We used a
4 :1 DMSO—MeCN mixture in the presence of an excess
of ascorbic acid (6.3 1073 mol L™!) to prevent oxidation
of copper(1). At higher concentrations of MeCN, the solu-
bility of the complex substantially decreases.

Under the conditions used, the competitive reaction
plays a substantial role at [Cu(MeCN)4]/[Phen] < 1. The
stability constant calculated from the spectrophotometric
data (Egs (14) and (16)), logBZ(Cu’phen)(DMso) =13.5+0.5
(n = 10; P = 0.95), agrees well with the only known
reliable constant for the system under consideration:!3
10gB)(Cu phen) PM3® = 12.9. The stability constant deter-
mined by thermal lens spectrometry (see Fig. 4, b) ac-
cording to Eq. (14) is 10gBy(cy phen)PMS? = 11.740.2;
z=1.5104 (n=28; P=0.95).

A comparison of the saturation curves (see Figs 4, b
and 5, b) shows that, as expected, the thermal lens signal
in a nonaqueous solution is higher than that in aqueous
solutions, while the reproducibility of measurements re-
mains at the same level. As a result, the accuracy of the
stability constants for [Cu(Phen),]* determined at the
same concentration level (n+10~® mol L!) is substan-
tially higher (¢f. Tables 4 and 5) and is comparable with
the accuracy of the estimates of B3(g ppen) (se€ Table 3) in
spite of the fact that the molar absorptivity of the iron
complex is much higher.

Having reliable estimates of PBjcymecn) and
Baccumecn)> the overall stability constants for
[Cu(Phen),]* in water (Bycyphen)®®) can be
evaluated from Eq. (17). The stability constants
of the acetonitrile copper complex in DMSO are lack-
ing in the literature. Because of this, we performed cal-
culations with the use of the stability constants of this
complex in 2-butanol (logBycy mecn) 2 B0 = 3.9;

[Phen] : [Cu(MeCN),4]

2.0
1.6
1.2
0.8

0.4

0

10 20 30 [Phen]: [Cu(MeCN)yl

Fig. 5. Plot of the analytical signal (6) in a copper(i)—Phen
system vs. the reactant concentration ina 4 : 1 DMSO—MeCN
mixture, the concentration of ascorbic acid was
6.3-10~3 mol L~!; a, spectrophotometry, A = 488.0 nm, cc, =
6-10~* mol L~!, b, thermal lens spectrometry, A, = 488.0 nm,
P, =90 mW, cc, =2+ 1076 mol L~!. The stability constants are
given in Table 5.

logBy(cumecn) > BUOH) = 5.1)31 because this solvent does
not form complexes with copper(1) and its dielectric per-
meability and orientational polarizability are most close
to those of DMSO. The value of |32(Cu phen) "? agrees well
with those published in the literature 12 (Table 6) and with
Ba(cu,dmp) (see Table 4).

Table 6. Stability constants of copper(i) complexes with Phen in water

Method Ccu Calculation method lOgBQ(Cu,Phen)(HQ) IOgKl(Cu,Phen)(aq) lOgKQ(Cu,Phen)(aq)
/mol L1
Potentiometry!2 n-10~* Kinetic data 15.8 — —
Thermal lens n+10-6 Without consideration 16.840.3 — —
spectrometry (n=238) for stepwise complexation
Yatsimirsky's method 16.2+0.9 9.710.4 6.5+0.5
Parametric method 16.410.6 9.810.3 6.610.4

Note. A, = 488.0 nm, P,

=90 mW, T=293 K (P=0.95).
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Determination of stepwise stability constants

In spite of systematic studies of complexation, data on
the stepwise stability constants for complexes with even
widely used ligands are often lacking in the literature.5:30,32
The overall stability constants of the complexes and analy-
sis of the correlation dependences for the known stability
constants of transition metal complexes with Phen and its
derivatives3—7.23,26—28,30,32,33 qooest that the stepwise sta-
bility constants can be determined under the conditions
used. However, the spectrophotometric ligand saturation
curves are either strongly distorted (see Fig. 5, a) or little
informative (see Fig. 4, a). Hence, it is practically impos-
sible to determine stepwise stability constants from spec-
trophotometric data. We determined these constants in
the systems under consideration by TLS.

A comparison of the spectrophotometric (see Figs 4, a
and 5, a) and thermal-lens saturation curves (see Figs 4, b
and 5, b) shows that they differ substantially from each
other, which is attributable to the effect of stepwise com-
plexation of copper in this system at lower concentration
levels.”

For [Cu(Phen),]*, the ligand saturation curve clearly
shows two regions with different slopes (see Fig. 5, b)
characterized by a ratio of 1 : 2. This is evidence that
under the conditions of thermal lens measurements, it is
possible to observe stepwise complexation in the system
under consideration. The stability constants are given in
Table 5. These constants agree well with each other, and
the 102K ¢y, phen)/108K>(cy, phen) Tatio correlates with the
analogous ratios for the copper(i1) and nickel(i1) com-
plexes with Phen.24:25 The overall stability constant de-
termined from these calculations differs insignificantly
from that calculated by Eq. (16) (see Table 5). Analo-
gously to the calculation of the overall stability constant,
we estimated the stepwise stability constants of this com-
plex in aqueous solutions (Egs (19) and (22), see Table 6).
Therefore, we succeeded in determining the stepwise sta-
bility constants due to the use of more dilute solutions in
the presence of a larger relative excess of the competitive
ligand without changes in the solution composition.

For the [Cu(dmp),]™ complex, stepwise complex-
ation under the same conditions is less pronounced (see
Fig. 4, b). To compare the results, we used the following
two approaches: Yatsimirsky's method (Egs (23)—(26))
and the determination of the Ky amp) and Kycy dmp)
constants from the polynomial regression of the satura-
tion curves. The results are given in Table 4. Both ap-
proaches gave values, which insignificantly differ from
each other. For the copper concentrations of 1-10~5 and
1-10-¢ mol L-!, the results of calculations are equal in
accuracy (see Table 4).

A comparison with the results for the [Cu(Phen),]*
complex demonstrates that the error in determination of
the stepwise constants for [Cu(dmp),]* is higher. This is

associated with both a rather small number of measure-
ments and the assumptions of Yatsimirsky's method,
which employs an approximation of the dependences to a
particular value of one of the parameters (Eqs (23)
and (24)). Nevertheless, 10gB,(cy,dmp) = 15.310.8 (n = 8;
P = 0.95) determined by this method is consistent with
10gB5(cu.amp) = 16.0£0.5 calculated by Eq. (11).

Due to good reproducibility of the reactant saturation
curve (see Fig. 4, b), the second approach can be ex-
tended to the determination of three unknowns, viz., the
K (cu,amp) @and Kycy ampy constants and the protonation
constant of 2,9-dimethyl-1,10-phenanthroline. These
three constants can be simultaneously determined only if
pH is lower than pK, 4,y by no more than 1—2 (Eq. (8)),
and all stability constants were determined under these
conditions. Although in this case the error in determina-
tion is higher, this approach allows one to determine all
three parameters from the results of a single experi-
ment without additional measurements. The resulting
stepwise stability constants (logKcy ampy = 81 and
logKy(cu,ampy = 7E1) differ insignificantly from those
evaluated as described above (see Table 4), and pK,gmp)
is 5.8%£0.5 (n = 8; P =0.95), which is in good agreement
with the data published in the literature.25:34

Therefore, processing of the spectrophotometric satu-
ration curves for copper(1) bis-(1,10-phenanthrolinate)
and copper(1) bis-(2,9-dimethyl-1,10-phenanthrolinate)
did not allow us to determine the stepwise stability con-
stants with reasonable accuracy. To the contrary, the
stepwise constants can be determined by thermal lens mea-
surements in dilute solutions with satisfactory accuracy.

As a practical result, it should be noted that the differ-
ences in the observed reactant saturation curves for the
two methods used are associated not with changes in the
overall stability constants but with a higher effect of
stepwise complexation at lower concentration levels of
metals and, consequently, of the complex. We used this
fact to develop procedures for the determination of iron
using Phen8 and of copper using Phen 3% and dmp.2? In all
cases, the detection limits were 7+ 10~2—n - 108 mol L.

* * *

To summarize, the stability constants in the systems
under study were determined by two methods, viz., by
spectrophotometry (n+10~5—n+10~* mol L~!) and ther-
mal lens spectrometry (n+10~8—n-10=¢ mol L~!). The
results of determination demonstrate that TLS offers a
number of advantages. 1. Reproducibility of the results of
thermal lens measurements of stability constants is higher
than that achieved by spectrophotometry. This is attribut-
able to the fact that low concentration levels of the re-
agents better correspond to the ideal solution approxima-
tion. As a result, the use of TLS makes it possible to refine
the stability constants. 2. Low working concentrations
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(n+108—n-10~° mol L~!) employed in TLS allows the
determination of the stepwise stability constants in sys-
tems, where they cannot be determined by conventional
methods.

In addition to the determination of the fundamental
characteristics, which is of interest by itself, thermal lens
spectrometry enables one to obtain results of practical
importance. The parameters of analytical reactions deter-
mined in the present study make it possible to choose the
optimum conditions for analytical reactions at trace lev-
els, which, in turn, can help in developing highly sensitive
procedures of thermal lens determination and substan-
tially decreasing the detection limits and minimal detect-
able concentrations.

This study was financially supported by the Russian
Foundation for Basic Research (Project No. 01-03-
33149a).
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