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A chemical kinetics study of the functional group®©C,Hs, SH, and S~ was carried out for the selgel
processing of GeSrom hydrogen sulfide and germanium ethoxide in toluene. A mass balance of the reaction
components was monitored by potentiometric titrations of SiHd S~ with the Ag/AgS ion-selective
electrode. The study was performed for different concentrations of precursors at different molar ratios and
temperatures. The results indicate that the proposed reaction mechanism was simplified under appropriate
reaction conditions. Experimentally determined rate constants of thiolysis and condensations demonstrate
that thiolysis is slow and that condensations are fast steps, regardless of reaction conditions (concentration,
rate, and temperature). A study of the temperature effect on the reaction rate constants shows that they increase
with temperature in accord with both Arrhenius law and transition-state theory. Activation ené&giasd

activation parameterdSf, AH*, and AG* were determined for thiolysis and condensation reactions.

Introduction the sot-gel kinetics of the functional groups in the acid-
catalyzed reaction of Si(OGH4 and HO.8 Their work continued

to a theoretical kinetic formalism which specifically treated the
evolution of various transient groups at a silicon atom undergo-
ing hydrolysis and condensatién®

The kinetics of Si(O@Hs)4 sol—gel condensation usirdgSi
NMR spectroscopy was studied by Pouxviel et’arhey used
mathematical simulations of the reaction mechanism in order
to predict the size of the colloidal particles forméd.

To explore the possibility of reducing gelation time without
affecting the characteristics of the resulting gel, Artaki efal.
investigated the influence of pressure on the condensation
solvolysis (hydrolysis, thiolysis)> kinetics of Si(OCH)4 in an a_cid-catalyze_d reactio_n. _

condensatior~ nucleation— growth— aggregation However, Ro et ald examined the acid catalytic reactions
of Si(OGHs)4 by measuring the temperature profile during
Therefore, the chemical reactions, solvolysis and condensation hydrolysis.
are ultimately succeeded by phase transformation, nucleation, A new method, cylindrical attenuated total reflectance infrared
growth and aggregation during sadel process providing the  spectroscopy, for monitoring in-situ kinetics of the -sgkl
connection between reaction chemistry and product structure.processing acidic Si(Ofls)s and Al(NOs)z*9H,0 in ethanot-

In the sot-gel literature publications concerning the process water solutions was employed for the first time by Kline et‘al.
of hydrolysis and condensation of silicon alkoxides exist. These They determined reaction rate constants at various temperatures
investigations show that under well-defined conditions detailed and did computer modeling on the experimental resQlts
statements about reaction mechanisms can be made. f(t).1°

One of the earliest attempts to study chemical kinetics of sol The effect of various base catalysts on the reaction kinetics
gel process was made by Strefkdde made a theoretical of Si(OGHs)s in ethanot-water solutions was studied by
explanation of the condensation mechanism of silicic acid on Sanchez et df They obtained apparent activation energies from
the basis of doneracceptor properties. McNeilet et 4al.  a simplified kinetics model.
determined the apparent hydrolysis reaction constants of tris- Liu et all” reported results ofH and*3C NMR characteriza-
(2-methoxyethoxy)-phenyl silane at different temperatures. The tions performed on a system of methyl-threemetoxysilane as
importance of this work is that for the first time reaction of the the precursor and ethanol as the solvent. Their results revealed
silica precursors was studied in a purely aqueous medium andcomplicated structures of the reaction intermediates.
that reaction activation parameters were determined. This brief review of research on the kinetics of the-spél

Assink and Kay introduced proton nuclear magnetic reso- processing of silica illustrates important achievements in the
nance {H NMR) spectroscopy in investigations of both the investigation of the most frequently studied sgkl prepared
temporal and chemical nature of s@el reactions. They studied  material, silica gel from alkoxide precursor.
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Sol—gel processing is a promising method for the preparation
of advanced ceramics such as metal sulfides. The reaction
product of the setgel synthesis could be either colloidal powder
or gel. One of the advantages of this method is the ability to
control the microstructure of the final product by controlling
chemical reaction parameters. It was demonstrated that modi-
fication of the reaction conditions can significantly affect the
structure of the setgel product The connection between the
sol—gel process kinetics and the sglel product microstructure
can be illustrated by the following sequerice:
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TABLE 1: The Concentrations of Reactants and Their 1 step: thiolysis
Molar Ratio Used for the Preparation of the Chemical
Kinetics Study RO\ ?R )
- & &
alkoxide [Ge(ORJo(M)  HS(M)  [Ge(OR)]J/[H2S] =Ge-OR + HyS - [ H-S--Ge--OR _ =Ge:SH + ROH )
Ge(OE) 0.044 0.400 1:9 L e
Ge(OEt)[ 0.264 0.220 1.2:1 Sx2 transition complex

This work represents a first attempt in the chemical kinetics 11 step: H;S forming condensations

study of the sotgel processing of GeSfrom germanium OR OROR

alkoxide and hydrogen sulfide in toluene. The reaction mech- Ve N & ke

anism was studied under reaction conditions that enabled =Ge-SH + HS-Ge= — [RO-Ge-S...-Ge...SH] — =Ge-S-Ge= +H,$ @
simplification of the proposed reaction scheme and mathematical o{z 111 (’)R

expressions for computation of the reaction rate constants. The Sx2 transition complex

reaction rate constants of thiolysis and condensations were
determined as the functions of temperatures, from 30 to50 11T step: ROH forming condensation
to derive activation energies and activation parameters. OR OROR
5\ \/ 8 ks
) . =Ge-SH + RO-Ge= — [ RO-Ge-S....Ge...OR ] —» =Ge-S-Ge= + ROH 3)
Experimental Section /o
OR H OR

. . . Sn2 transition complex
A. Materials. Germanium ethoxide, Ge(QBs)4, manufac-

tured by Aldrich Co. (99.99%, per metal basis), and hydrogen \yhere R is the ethyl grougk is the thiolysis rate constarkz

sulfide (Linde Canada, 99.6% of,H) were used as precursors. s the hydrogen sulfide-forming condensation rate constant, and

Toluene (Fisher Scientific, HPLC grade) was dried prior to Use  is the alcohol-forming condensation rate constant. This is a

by refluxing over Na metal. To get pure toluene for the simplified scheme of a very complex reaction mechanism

experiments, it was distilled after refluxing. consisting of a series of consecutive, parallel, and reverse
B. Kinetics Procedure.The reaction mixtures were prepared reactions whose intermediate products can have structures as

in the following way. First, toluene was saturated with th/8sH  complicated as Gg&H)/(ORu-,, Where X +y + z= 4. The

gas for several hours. The concentration of the solution obtainedoverall reaction from eqs-43 is

was determined by potentiometric titrati&iThe proper volume

of this solution was placed in a 50 mL reaction glass vessel by =Ge(OR)+ =Ge(SH)==GeSGe= + ROH  (4)

pipetting and diluted to the desired,$l concentration with

toluene.

After this, the reaction vessel was capped with a rubber
septum and placed in a constant-temperature bath (HAAK 20),
filled with ethylene glycol. The b5 solution was thermostated
for ~0.5 h prior to addition of germanium ethoxide. Desired
volumes of germanium ethoxide were added via a syringe into
the HS solutions and mixed by shaking. The reaction mixture
concentrations are listed in Table 1.

Therefore, germanium alkoxide, germanium mercaptide, ger-
manium sulfide, and the corresponding alcohol are present at
equilibrium. All these compounds were identified in the dried
gels by infrared spectroscopy.

Assuming that reaction rate constants are independent of the
number of substituted functional groups per Ge atom during
thiolysis (-OR) and condensations-EH), the reaction rate
equations can be expressed from eg 3):

The reaction mixtures were thermally equilibrateeD(1 °C) d[A]
for 0.5 or 1 h. At proper intervals (0.5 or 1 h), 1-mL aliquots TTat Ki[AI[B] + ks[AJ[C] (®)
were removed by syringe from the mixture. They were injected
into 100-mL flasks containing 25 mL of toluene, agitated, and d[B] 2
cooled to~ —95 °C. Unreacted b5 was quickly purged from T Tdt = ky[A][B] — k[C] (6)
the flasks by nitrogen. Then, the samples were analyzed by
potentiometric titration with the Ag/Ag ion selective electrode. d[C] )

The temperature effect on the reaction constants was studied Tt Ki[AI[B] — ko[C]" — Ks[AlIC] (7)
at 30, 40, 45, and 56cC.

C. Analysis. Quantitative chemical analysis of the kinetic dM] _ 2
samples was done by potentiometric titration of mercaptide T dt ACT" + K[AIIC] (8)
(=GeSH) and sulfidestGeSGe=) evolved during reaction. The
detailed procedure was previously reporté@hese concentra- diD]
tions were used for all mass-balance calculations. T dt 1[AIB] + KJAIIC] ©)

Softwear Enzfiter-Version 1.05 EGA (Elsevier Biosoft, . _
Cambridge U.K, 1987) was used for plotting linear graphs by Where [A]= [=GeOR], [B] = [H2S], [C] = [=GeSH], [D] =

linear regression analysis. [ROH], and [M] = [=Ge—S—Ge=] are the reactant and product
concentrations in mol/L present in the reaction mixture at
time t.

Theoretical Considerations From the reaction stoichiometry and mass conservation,

relationships among concentrations of reactants and products
Melling?® proposed the mechanism of Ge(QE&nhd HS can be given:
reaction, analogous to that of Si(OE&nd HO, that involved
three steps pern@ (bimolecular nucleophilic substitution): [A], = 4[Ge(OR)]
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where [A)], is the initial concentration of ethoxy groups (OR) the approximation
from which the concentration of substituted ethoxy groupsa [X]
is diC]
a 0 (12)
X1a= AT, ~ [A] | | |
and eq 7 the concentration of the intermediate, [C], can be
calculated.

and reacted hydrogen sulfide, g(Jis ; .. . .
If thiolysis is a reversible reaction, then

o= [Blo 18] K,[D] > kjC] + kAl 12)
From the mass concentration law, meaning the intermediate germanium mercaptide is equilibrated
as well as transient and then both approximations are applicable.
[X]A=[C] + 2[M] However, if
[X]g=[C] + [M] k_4[D] < K,[C] + ky[A] 13)
the concentration of the reacted ethoxy groups,a[Xbr the thiolysis is virtually irreversible.

hydrogen sulfide, [X§, are equal to the sum of concentrations ~ The experiments may confirm the reaction scheme and give
of mercaptide [C] and sulfide [M]. In early stages of thiolysis, solutions to which of the conditions lead to certain approxima-
it could be assumed that the reaction occurs with no interferencetions and thus simplify interpretation of the kinetic data.

of the condensation reaction. Therefore, Even after these approximations, CTI or CEIl, the multiple
term differential eqs 59 are difficult mathematical problems
Xl A~ [X]g = [X] for which to obtain exact solutions of the rate constants. One

of the methods that enables simplification of the mathematical
expressions for computation of the reaction rate constants is

and the method of concentratiertime integral! For example, if
the reaction occurs only per two steps described by eq 1 and 3,
[X] =I[C] + [M] then the differential rate eq 5 is
represents the concentration of unreacted ethoxy groups. In d[A]
addition, the concentration of the formed alcohol is T 1[AI[B] + K[A][C] (14)
[D] = [X] = [A]l, — [A] After rearrangement and integration it becomes

Hence, by measuring the concentrations of evolved mercaptide [Alo t t

and sulfide it is possible to monitor how the concentrations of InW =k fo[B] dt+ ks L/:)[C] dt (15)

all other products and reactants change with time.
It is speculated that the proposed reaction mechanism (eqsor

1-3) can also involve the reverse reaction steps. Therefore, the

agreement of the experimentally determined rate law and the [Alo .

proposed mechanism will evidence the actual reaction mecha- IHW fO[C] dt

nism. — =K : (16)
In the suggested reaction scheme, germanium mercaptide is L/(;[B] dt fo[B] dt

an intermediate product. It reacts further by two competitive

parallel reactions, eqs 2 and 4. The kinetics of this complex From experimental data of [C] and [M], the concentrations [A]
reaction system can conveniently be approximated, provided and [B] can be calculated as functions of time and then used
the intermediate=sGeSH is either equilibrated or transieht.  for obtaining the concentration integrals. Equation 16 suggests
According to approximation competition for an equilibrated a linear plot whose intercept lg and slope is.

intermediate (CEI§! the concentration of the intermediate The other mathematical method which permits calculation
(=GeSH) will equilibrate under the assumption that thiolysis of the rate constants is a differential mett¥éd.he procedure

is a fast and reversible reaction and thus, considers a single run where the measured reaction rate at
different reaction times corresponds to the reactant (or product)
k. [Al[B] concentration. For example, if it is assumed that condensation
[C] = ol (10) occurs only per the alcohol-forming condensation reaction, eq
- [D] 3, then the reaction rate of sulfide formation is
This approximation is valid only if substitution in the kinetic dim]
egs 5-9 gives agreement with the experimental results. “a - KelAlC] (7)

However, the approximation competition for the transient
intermediate (CTP! is applicable if the rate constants for the If the reaction rate is measured in the early stages of the reaction,
competition condensation reactioksandks, are much greater  the following assumption can be made:
than the thiolysis rate constant. In such a case, the concentration
of the intermediate [C] is much less than [A]. Therefore, from [A] > [C] + [M]
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and therefore, 0.200[

[Al ~ [A],

0.175F

Thus, a plot of eq 17 is linear with slope equalA], from
which the reaction rate constant can be calculated.

If it is possible to make a supposition that only thiolysis (eq 0.150 -

1) occurs with no condensation reaction interference, as the

second-order reaction, then the differential rate eq 5 becomes

diA] _
~ = = lAIE] (18)

< 0125

{
d

0.030

Concentration (M

and after integration it is

1 [Al[B]
Bl, - [Al, "BlAl (19)

Experimental data will give a linear plot of eq 19 if the
assumption is correct. Additional simplification in the integration
of eq 18 is possible to make if one of the reactants, for instance
(B), is in a great excess, considered as constant in the observed 0
reaction interval. This assumption provides pseudo-first-order 1(h)
kinetics?! Hence, the integrated form of eq 18 will be

0.010

Figure 1. The reactant/product concentration as a function of time

A for the sot-gel reaction when [Ge(OE{)/[H2S], is 1:9: M — sulfide

In [A] =kt (20) (=GeSGe=); C— mercaptide=GeSH); A— ethoxy group£GeOEt).
[Al,

The constankapy = ki[B]o can be determined from the slope
of the linear graph, if the experimental results coincide with
the pseudo-first-order assumption.

The temperature dependence of the rate constants of thiolysis
and condensations reactions were studied using two different
equations. One of them was the Arrhenius rel@daon which
frequency factoA is taken as independent of temperature. The
other one is the absolute reaction rate theory relation (or the
transition-state theor§j where the preexponential parameter
shows a first power temperature dependence.

t(h)

Results Figure 2. Plots—In([A]/[A] o) vs time for various temperatures when

A. Kinetic Data. Samples taken from reaction mixture at [Ge(OEty]/[H2S] is 1:9.
different times after purging the unreacteg3Hvere analyzed S .

: o - : . TABLE 2: The Thiolysis (ki) and the Condensation Ks)
by potentiometric titration. Potentiometric curye;Ef(Vadd,t.tr_) Rate Constants Obtained from Apparent Valuesksp, and
were plott(_ad for _each sample. From the e_quwalence points of kapp'"', Respectively, at Different Temperatures for the
the potentiometric curves, the concentrations &f @) and Sol-Gel Process if [Ge(OR))/[H ] is 1:9
SH~ (C) evolved during the reaction were determirigéd.

. . - temperature kagp' kg Kapp "' k3
B. Reaction Mixtures Containing [Ge(OEt)], and [H2S]o (°C) x107/(s™Y) x1077(M-s)? x10°4M-s)? x104M-s)?
in Mc_>|ar Ratio 1:9. The s_ol—g_el reaction of germa_mium_ 30 1.542 3.856 0.225 1.278
ethoxide and hydrogen sulfide in a molar concentration ratio 40 3.922 9.806 0.512 2.911
1:9 was performed at four different temperatures 30, 40, 45and 45 5.625 14.061 0.836 4.747
50 °C. The Tyndall effect appeared after 9.5 h, while all 50 7972 19.931 1.298 7374
samples gelled within 1214 h from the beginning of the  for various temperatures are shown. The length of this linear
reaction. part overlaps with the induction period. Its linearity indicates

Typical concentratiortime data for reactant ethoxide (A), that the thiolysis is of the first order with the respect to the
intermediate mercaptide (C), and product sulfide (M) are plotted concentration of ethoxide groups [A] in this reaction period.
in Figure 1. There is a concentratiotime delay, induction Thus, it was assumed that thiolysis was the pseudo-first-order
period, before sulfide (M) appeared in significant concentrations, reaction in regards to [A]. The slopes of the straight lirés-
as seen on the curve [Mf f(t). The extent of the induction  ([AJ/[A] o) = f(t) are assigned to the apparent thiolysis rate

period varies with temperature. It was the shortest atG05 constantsapp = kiBo. The apparent constakyy, and calculated

h, increasedad 6 h at 45 and 40C, and evend 9 h at 30°C. ki constants are listed in Table 2.

The concentration of germanium mercaptide [C] measured at To determine the condensation rate constants, dMsAt

the end of the induction periods wasl.29 x 103 M at all as ordinate against [C] as abscissa were made for various

temperatures. temperatures (Figure 3). The reaction rate of sulfide appearance,
There are two distinguishable linear parts on ptdig[A]/ AM/At, was calculated for sulfide concentrations in the reaction

[A] o) versus time. In Figure 2 the first linear parts of these curves period which coincides with the second linear part of the graph
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3.0

(10-3M/h)
N
(=]

AM]
At

[C] (103m)

Figure 3. Plots reaction rate of sulfide formatioA[M]/ At, as the
functions of mercaptide concentrations [C] for various temperatures
for the sot-gel process when [Ge(OR}Y[H2], ratio is 1:9.
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Figure 4. Influence of the reaction temperature on the thioly&i3 (
and condensatiork{) rate constants: (a) Arrhenius plot, krvs (1/T);
(b) transition-state theory plot, k() vs (1), for the sot-gel process
if [Ge(OEty)/[H,S] is 1:9.

—In([Al[A] o) = f(t). The slope of this plot is assigned to the

apparent alcohol-forming condensation rate constast’

ks[A]o. The apparent constarks,," and calculated values of

ks are shown in Table 2. Values of the same order were obtained

for ks when the concentratioftime integral method was used.
The functional relationship for the reaction ratgsand ks

with temperature was determined using the Arrhenius plots,

In kvs 1T, and the transition-state theory plots,Kff{) vs 1/T.

Stanicet al.

TABLE 3: Activation Energies, Frequency Factors, and
Activation Parameters of the Sot-Gel Processing Reactions
if [Ge(OEt)4)/[H,S] is 1:9

Ea A ASF AH* AG

reaction  (kJ/mol) (M-s)y! (J/molK) (kJ/mol) (kJ/mol)
thiolysis 66.886 1.3« 10° —155.52 64.301 113.74

(ke)
condensation 70.877 2010 —9452 68.295 98.00

(ks)

120
B A

1.00

0.20

Concentration (M)
o
&

0.10

0.05

t(h)

Figure 5. The mass balance as a function of time for the—gyll
process if [Ge(OE#)o/[H2S] is 1.2:1. The concentrations of sulfide M
and mercaptide C were determined experimentally, while the concentra-
tions of ethoxy group A and hydrogen sulfide B were calculated.

Helmholtz equatiof? for the middle of the studied temperature
range, T = 314.25 K.

The activation energids,, frequency factor#, and activation
parameters are listed in Table 3.

The sot-gel reaction enthalpyAH was calculated from the
enthalpies of activations for thiolysisH# and condensation
AHZ,

AH = AH} — AH_" = 4kJ/mol

C. Reaction Mixtures Containing [Ge(OEt)4], and [H2S],
in Molar Ratio 1.2:1. Sol—gel processing of germanium sulfide
from germanium ethoxide and hydrogen sulfide in an initial
molar ratio of 1.2:1 was performed at various temperatures: 30,
40, 45, and 50C. Tyndall effect appearing after10 h from
the reaction start was succeeded by gelation within the next 2

The material balance graph shown in Figure 5 is typical for
all reactions studied at different temperatures. The curve
representing the sulfide concentration as a function of time,
[M]=f(t), exhibits an induction period similar to that presented

They are shown in Figure 4a and b, respectively. From the slopesiy Figure 1. The induction periods ended after 2.5 h afG0

of the lines in Figure 4a, the activation energies of thiolysis

and after 3.5 h at lower temperatures, 45, 40, and@0The

and condensation are calculated and from the intercepts theconcentrations of the intermediate mercaptide were different:

frequency factors. The enthalpia$i* of thiolysis and conden-

2.20x 103M at 30°C, 2.63x 103M at 40°C, 8.1x 1073

sation reactions were calculated from the slopes of the graphsm at 45°C, and 8.69x 103 M at 50 °C.

in Figure 4b. The intercepts were used to calculate the activation
entropiesAS* of both reactions. From these activation param-

eters the free energies for the transition state of thiolysis (TS1)
and condensation (TS2), were obtained from the Gibbs-

In Figure 6, plots of-In([A]/[A] o) and—In([B]/[B] o) versus
time are represented. A linear part on each curve coincides with
the induction period. For this reaction period, a plof ©f([B],

— [Al o)} IN([A] o[BI/[A]IB] o) against time was made. Graphs
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of the induction period. Once the critical concentration was
o M=MA achieved, the reaction rate suddenly increased, indicating that
0201 e [V]=[B] another much faster reaction began. From this result it was
assumed that the reaction rate of the ethoxy group depletion,
o2 °%r eq 5, could be simplified during the induction period to
j =
T otof d[A
C - e (21)
dt
015
This assumption is a consequence of a very low concentration
o ‘ \ , of intermediate C in comparison to the reactant concentrations.

! 2 8 48 6 Thus, all expressions in eq 5 containing [C] can be neglected.
th Therefore, it could be concluded that, during the induction

Figure 6. Plot—In([Y]/[Y] o) as a function of time if Y is (a) ethoxide  period, thiolysis occurs with no interference from the condensa-
group concentration [A]; (b) hydrogen sulfide concentration [B]. The tjon reactions.

reaction was performed at 5€ with [Ge(OEt)]/[H.S] ratio 1.2:1. The linearity of graphs—In(JAJ/[A] o) vs time during the

induction period indicates that the reaction was first order in
regards to the concentration of the ethoxy group. Moreover,
since the concentration of hydrogen sulfide was in excess and
almost constant during the induction period, it was suspected
that the reaction occurred as a pseudo-first order. Consequently,
the integrated form of eq 21 is

(Al

iy, = ! (22)

where

t(h) Kapp = Ku[Bl, (23)
. 1 [Al[B] . .
Figure 7. Plots g~ Ity 2 functions of time made for s the apparent first-order rate constant obtained from the slope
. ; ° of the plot —In[AJ/[A] , Vs time. From these experimentally

the induction period, at different reaction temperatures and

[Ge(OEty)/[H] ratio 1.2:1. determined rate constants and initial concentration of hydrogen
sulfide [B],, the thiolysis rate constants were calculated. As a
TABLE 4: Thiolysis Rate Constant Obtained for the second-order rate constant, they indicate that thiolysis is a
Sol-Gel Processing If [Ge(OEt)]/[H,S] is 1.2:1 bimolecular reaction.
temperature ki x10°6 After the induction period, the reaction became too compli-
(°C) (M-s)* cated. It is possible that two condensation reactions started to
30 0.942 proceed more extensively. The experimental results for [M] and
40 1.306 [C] when plotted ag\[M]/ At versus [C] (Figure 3) indicate that
gg g-ggg dominant condensation reaction is the alcohol-forming conden-

sation ks). The linearity of these plots unambiguously confirms

. . . . that eq 8 is valid in the simplified form:
obtained for the reactions carried out at different temperatures g P

are shown in Figure 7. The slopes of these graphs are assigned d[M]

to the thiolysis rate constants, listed in Table 4. ~ g~ KlAIIC] (24)
To determine the influence of temperature on the thiolysis

rate constant, an Arrhenius plot, ks 1/T, and a transition- and that

state theory plot, I{T) vs 1/T, were made. From the slope of

the line Ink vs 1/T an activation energia = 61.19 kJ/mol was Ks[A] ~ ks[A] , ~ constant (25)
calculated. The intercept of the graphArn= 10.3 was used to o ] o )
calculate the frequency factoA = 3 x 10%. Activation The approximation in eq 25 is reasonable for this initial period

parameters obtained from the plot k) vs 1T are as of the condensation reaction when the concentration of inter-

follows: AH* = 57.47 kJ/molASt = —170.70 J mot® K-1and mediate C is still very low, i.e., [CK [A]. Therefore, the

AG* = 111.11 kJ/mol, for the middle of the used temperature reaction rate of sulfide formation defined by eq 24 represents
interval, T = 314.25 K. the initial rate of the sulfide condensation reactian

The absence of the hydrogen sulfide-forming condensation
in this early reaction stage can be explained by the very low
[C], if the condensation rate constaktsandks are of the same

A. Reaction Mixtures Containing [Ge(OEt)4]o and [H2S]o order. When this small value is squared it becomes negligible.
in Molar Ratio 1:9. The induction period, exhibited in Figure  Accordingly, there is a critical mercaptide concentration which
1, indicates that reaction occurs slowly. During this time there triggers the hydrogen sulfide-forming condensation probably
was a buildup toward a small but critical concentration of the later on during the selgel process. However, it is also possible
intermediate, germanium mercaptide. This critical concentration thatk, < ks and that germanium sulfide is mainly a product of
was found to be~1.29 x 1073 M, regardless of the reaction  the alcohol-forming condensation regardless of the concentration
temperature. However, the temperature influenced the lengthof intermediate C.

Discussion
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From these experimental results, a simplified reaction scheme
can be proposed for the reaction conditions imposed:

k
=Ge-OEt+ H,S—=Ge-SH-+EtOH  (26)

)
[<]
£
k <
=Ge-OEt+ HS—Ge= — =Ge-S—Ge= + EtOH 27) )
[}
Hence, the rate law which defines the proposed reaction .
mechanism is s
diA]
—g = “lAlB] + K{AJ[C] (28)
d[C] Reaction Coordinate
— _ Figure 8. Free energyreaction coordinate diagram for the sgjel
dt 1[AlB] k3[A][C] (29) processing of GeSvhen [Ge(OEY)]«/[Hz]o is 1:9.
d[Mm] andks, it is evident that the rate-limiting step for this sgel
i K[A][C] (30) reaction is thiolysis.

B. Reaction Mixtures Containing [Ge(OEt)], and [H2S],
in Ratio 1.2:1. Initial mixtures for the chemical kinetics

The experimentally determined thiolysis and condensation rate S ; . L ;
investigation were prepared with,8 in a sub stoichiometric

constants at different temperatures exhibit good agreement with
the Arrhenius equation demonstrated in Figure 4a. The activation@mount €4). L -

energies of thiolysis and condensation (Table 3) determined from, The_ concentrationtime p_Iots 'F‘d'cate the presence of an
the slopes of these graphs have values typical for the bimolecularMduction period. During .th's period the reaction was sgcond
nuclear substitutiod* Therefore, the functional relationship of order as demonstrated with the plots in Figure 7. According to

the rate constants and temperature is represented as follows: this, it was _assumed that du_rlng_ the induction period thiolysis
occurred with no condensation interference.

. Moreover, the concentratiettime curves for this reaction
In[k,(M-s) ] = —(8845K)T +11.8 (31) are similar to those obtained for the pseudo-first order reaction
(Figure 1). That is, after the induction period, a much faster
reaction started when the intermediate mercaptide reached the
critical concentration. Further, none of the applied mathematical
For bimolecular reactions involving relatively simple molecules, methods for the condensation rate constant calculations gave a
the frequency factoA generally has values of orderl® 10 reasonable match with the experimental results. Therefore, it is
(M-s)~1.25 However, for the thiolysis reaction it was 1:310° suspected that both hydrogen sulfide- and alcohol-forming
and condensation 2 108, indicating reactions between complex  condensations simultaneously started after the induction period.
molecules® Transition-state theOI’y prOVides the clear eXpIana' Consequenﬂy’ the proposed Comp|ex reaction mechanism, given
tions for such values of frequency factér The activation by egs 13, is applicable for the selgel reaction with low

entropyAS' is a measure of disorder in the activated complex. H,S content. For these conditions, the proposed rate law is
The decrease in entropy reflects the decrease in the activated

In[ky(M-s) '] = —(8525 K)IT + 19.2 (32)

complex disorder caused by loss of motional mode of molecules d[A]

in the transition state. For bimolecular reaction, such g%, S T gt =Kk [Al[B] + kgA][C] (33)
two reactant particles are converted to a single activation

complex in a transition state. The loss of the molecular rotational d[C] 2

and translational degrees of freedom in the transition state causes o 1[AlB] — K,[C]” — K;[AlIC] (34)
a decrease of corresponding entropies. The resulting total

entropy changes\S* during thiolysis and condensation are d[m] 5

negative, typical for an associative mechanism of ligand o L[C]” + K[A][C] (35)

substitution by §2.25
From the results in Table 3 it is obvious that the activation The best fit straight line for the thiolysis rate constant
complex formed during thiolysis is a more ordered structure dependence on temperature is represented by
than that formed during condensation. This difference in entropy
could be explained by a steric effect. Increased steric crowding In k,(M-s) " = — (7360 K)T + 10.3 (36)
during condensation increased the entropy of TS2. However,
steric crowding increases the activation energy of-GeGe The activation energf, and the activation enthalpgH* of
formation as seen fromH* and E, (Table 3). thiolysis obtained for these reaction conditions are very similar
Using data from Table 3 for standard activation free energies to those for the reaction with 43 in excess (Table 3). This
AG¥ for the transition state of thiolysis (TS1) and condensation result is reasonable since in both reactions, the same reactants,
(TS2), the free energy vs reaction coordinate diagram was =GeOEt and HS, and same productsGeSH and EtOH, are
sketched in Figure 9. The transition states correspond to theinvolved. Although the reaction conditions are different, the
maxima in the diagram. There is a free energy local minimum same chemical bonds are broken and formed during thiolysis.
between them assigned to the intermediate germanium mercapMoreover, the activation entropySF that is negative, indicates
tide. The first maximum is apparently higher than the second that thiolysis occurs by an associative mechanism of two
one. From this result and from the reaction rate constlnts  molecules (§2). The numerical value akSt is lower than that
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