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The regularities of chemical reactions in solid 8-hydroxyquinoline--chloramine B mix- 
tures were studied under conditions of organic self-propagating high-temperature synthesis 
(SHS), isothermal reaction, and thermal explosion in the 20--220 ~ temperature range. 
Comprehensive physicochemical analysis and microstructural study of the reaction products 
were carried out. The temperature of SHS initiation (58 ~ the heat of the reaction (129+9 
kJ tool-I), the stoichiometric coefficient (I), the maximum temperature (Tmax = 98--140 
~ and the velocity of SHS wave propagation (u = 0.15--0.55 mm s - I )  were determined. 
Depending on the ratio of the reactants (n). a low-temperature non-degenerate stable gasless 
mode (n _< I, Tmax = 115 ~ E a = 42 kcal tool - I )  and a high-temperature mode (n > I, 
Tma x = 140 ~ Ea = 0.4 kcat tool - I )  are possible tbr SHS. The SHS affords monohydroxy 
and monochloro derivatives of 8-hydroxyquinoline, benzenesulfonamide, NaCI, NaOH, and 
H20. The mechanism of the solid-phuse reaction at temperatures below 58 ~ includes 
surface, solid-phase, and gas-phase diffusion; that for SHS is capillary, spreading of the 
hydroxyquinoline melt. 

Key words: organic self-propagating high-temperature synthesis, autowave exothermal 
process, macrokinetics, 8-hydroxyquinoline, chloramine B, organic solid-state chemistry. 

Previously 1.2 we demons t ra ted  for the first t ime the 
possibility o f  autowave modes  for exothermal  syntheses of  
condensed  organic c o m p o u n d s  in mixtures o f  organic pow- 
ders upon local initiation, in  inorganic systems, these 
processes, known as %elf-propagating h igh- tempera tu re  
synthesis" (SHS) ,  are widely used for the preparat ion of  
metal  carbides, oxides, nitrides, etc. 3-6 

Tak ing  the  in te rac t ion  o f  p iperaz ine  crystals  with  
ma lon i c  acid as an  example ,  i,7 it has  been  found  tha t  
the  ma in  cha rac te r i s t i c  fea tures  of  this  process  are c o n -  
s is tent  wi th  the  genera l  t heo ry  o f  SHS,  but  the process  
occurs  at a lower  t e m p e r a t u r e  and  at a lower  rate.  8-1"t 

Th i s  work presen ts  a de ta i l ed  s tudy o f  the  au towave  
m o d e  in the synthes i s  of  o rgan ic  c o m p o u n d s  by redox 
in t e rac t ion  o f  8 - h y d r o x y q u i n o l i n e  ( H Q )  and  c h l o r a m i n e  
B (CA)  powders ;  the  fo rmer  c o m p o u n d  is a r educ ing  
agen t  and  the  la t te r  one  is a n  oxidant .  I s - t 7  

Experimental 

The procedures of mode organization SHS and recording 
thermograms were described in detail previously. 1,7,1t The 

reactions were conducted under nearly adiabatic conditions. 
The sample size was 22:<60 ram, the particle size in the 
powders was 0.2--0.16 ram, the [CA] : [HQI molar ratio (n) 
was 1. the compacting pressure was 0.3 kg cm -2, and the air 
pressure was I arm. The thermocouples were inserted into the 
sample at a distance of 2 cm from the initiation point. 

The photographs of the reacting powder mixture located in 
a transparent ceil were taken in reflected light by a Zenit-E 
camera at intervals o f - 6 0  s. 

The heats were determined based on the areas of the DTA 
peaks with allowance for the mass Io~. Heat capacities of 
substances were estimated using published data. IS 

Analytically pure 8-hydroxyquinoline and chloramine B 
PhSO2NNaCI-3H20 and reagent grade benzenesulfonamide 
(BSA) and NaCI were used. The content of chlorine in CA was 
13.5% (the calculated value is 13.26%). 8-Hydrox'yquinoline 
N-oxide was prepared by a known procedure, t9 HQ and CA 
were dried in a desiccator over CaCI 2 at 35 ~ Adsorption of 
reagent grade solvents was carried out by keeping thin layers of 
dry powders in a desiccator filled with the saturated vapor of a 
solvent at -20 ~ for several hours. 

In view of the nonequilibrium character of the process and 
the fact that the chemical and phase composition of the 
product mixture may change during isolation by conventional 
procedures involving the use of solvents, analyses were carried 

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 2271--2284, December, 1999. 

1066-5285/99/4812-2245 $22.00 �9 2000 Kluwer Academic/Plenum Publishers 



2246 Russ.Chem.Bull., Vol. 48, No. 12, December, 1999 Kl imchuk  et al. 

out, whenever possible, without separation of the solid-phase 
product into components. 

TLC was performed using Silufol plates (and a 1 : 1 CCla-- 
ether mixture as the eluent). Rf were measured in relation to 
8-hydroxyquinoline. 2~ 

Saturated aqueous solutions of samples were titrated by 
0.02 N H2SO4 (against phenolphthalein). 

The elemental analyses of the samples was carried out at 
the Institute of Fine Organic Chemistry. Armenian Academy 
of Sciences, and at A. N. Nesmeyanov Institute of Organ.o- 
element Compounds, RAS. 

The X-ray diffraction patterns were recorded on a DRON- 
0.5 instrument. When studying the transformations of crystal- 
line phases, the mixture of the powders was pressed to form 
~3-mm thick round discs, from which parallelepipeds with 
dimensions 5• mm were cut out. IR spectra were mea- 
sured on an IKS-29 instrument in pellets with KCI. IH NMR 
spectra were recorded on a Varian C-60 instrument (MeOH as 
the solvent and HMDS as the standard). 

The ESR spectra of samples (0.2 g, 4 mm in diameter) 
were run on the thermal unit of a Varian E-104A spectrom- 
eter, which allowed maintenance of a constant temperature 
and fast linear heating of the samples in the resonator to a 
specified temperature. 

The optical diffuse reflection spectra in the visible region 
were recorded on a Specord M-40 spectrophotometer in flat 
quartz cells -20 mm in diameter. The powders were poured as 
~7-ram thick layers and compacted under a pressure of 
~0. I kg cm -2. 

Mass spectra were recorded on an MKh-1306 instrument 
(El, 70 eV). Solid samples were introduced using the built-in 
standard admission system. The samples were heated to 200 ~ 

The reaction fronts in the SHS were stopped (quenched) 
by fast cooling of the reacting samples by liquid nitrogen. 

The local X-ray spectral analysis (LXSA) was carried out 
on an ISXA-733 X-ray microanatyzer (Jeol, Japan). To protect 
the samples from destruction, 21 measurements were carried 
out at the minimum radiation power. The diameter of the 
electron probe was <2 p.m. The local elemental compositions 

in various phases were determined using the CMZAFM pro- 
gram. The contrast in the photomicrographs obtained in the 
"compo" mode is due to the different average atomic numbers 
in the phases. 22 The polished sections were prepared by dry 
polishing at a low speed of the wheel. To ensure that the 
polished samples be mechanically strong, the pressure of mix 
pressing was increased to 30 kg cm -2. Electrical conduction of 
the polished sections was ensured by vacuum deposition of a 
layer of metallic copper. 

Results and Discussion 

Macrokinetics of the S H S  process, in order  to 
elucidate the possibility o f  induc ing  SHS and to deter-  
mine its modes,  comprehens ive  thermal  analysis o f  the 
reaction was carried out  by calorimetry.  23 The  DTA 
curves o f  the c o m p o n e n t s  exhibi t  endo the rma l  peaks 
due to mel t ing of  H Q  at 74 ~  (Fig. I, curve 1)16,17 and 
CA at 158 ~ (Fig. l, curve 4) and an exothermal  peak 
for CA decompos i t ion  at 198 ~ (see Fig. l ,  curve 4) 
(eft Ref. 24). During l inear heat ing,  the reactant  mix-  
tures undergo an exothermal  reac t ion  (see Fig. I, curves 
2 and 3), which occurs  far ahead  of  the CA decompos i -  
t ion. About  10% of  the total  hea t  is slowly evolved up to 
57 ~ and then the remain ing  heat  is evolved rapidly. 

The fact that the ex t reme tempera ture  o f  the exo-  
thermal peak displayed by the  mixture  (72 ~ is close to 
that o f  the endo the rmic  peak for H Q  mel t ing  (see. Fig. 
l ,  curves I and 2) suggests a l iquid-phase  m e c h a n i s m  of  
the reaction between the powders ,  so that the react ion is 
accompanied  by mel t ing o f  the  H Q  crystals. This  is 
indicated by the absence o f  mass loss direct ly  dur ing the 
exothermal  react ion (Fig. !, curve  5). 

The heat o f  the reaction is 129+9 and 168+9 kJ tool - l ,  
for n = I and 2, respectively,  i.e., it increases 1.3-fold as 
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Fig. 1. Derivatogram of the HQ--CA system: (I--4)  DTA curves ((/)  HQ; (7) and (3) mixtures with n = I (2) and 2 (3); (4) CA); 
(5) TGA curve; n = [CAI : IHQ]. 
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n increases 2-fold, indicating that the stoichiometric 
coefficient of  the exothermal reaction is I _< k << 2. 

Substantial mass loss is detected only after heat 
evolution at T=  100 ~ has been completed (see Fig. 1, 
curve 5), when the reactants do not undergo therrnoly- 
sis. This suggests that the mass loss might be due to the 
evolution of  water vapor. The amount of water evolved 
is 1 mole per mole of  HQ or CA. Apparently, the same 
amount of  water is lost upon the subsequent heating of  
the mixture to 200 ~ 

An autowave mode is readily initiated in macro-  
scopic amounts  (>3 g) of  the reactant mixture by a 
thermal pulse equal to -150 J at a temperature of  
_>70 ~ which is determined with allowance for the 
DTA data. 

Figure 2 shows photographs of  the reacting sample 
taken in reflected light. The reaction is not accompanied 
by luminescence in the visible region of the spectrum, 
which occurs in inorganic systems at high temperatures. 
However, the initial mixture and the products are col-  
ored differently in the reflected light (white and dark 
green, respectively). Therefore, the initial mix and the 
final product separated by the reaction front can be 
distinguished in the sample by sight. 

The initiation area has a diameter o f - 5  mm. The 
front arises in this area as a hemisphere and. while 

17 

propagating over the blend, it becomes even and reaches 
the opposite side of  the sample as a curved plane on 
whose surface fractal projections with sizes o f  the order 
of the particle size can be clearly seen. A liquid phase is 
formed in the front. After the wave has passed, dendri te-  
like crystals appear in the sample .  The SHS in this 
particular case is distinguishable by sight from that in 
samples with smaller diameters . l l  

A typical temperature profile of  the synthesis wave is 
a smooth curve without isothermal flattened sections or 
inflection points, which is characteristic of  one-stage 
thermal processes (Fig. 3, curve 1). Differentiation of 
this curve (Fig. 3, curve 2) makes it possible to estimate 
the initiation temperature 7 ~ = 58 ~ 3,11 which is in 
good agreement with the DTA data. 

The low values for the maximum temperature in the 
front (Tmax) and for the synthesis wave velocity (u) 
(Fig. 4), typical of organic systems, t,2 are due to rela- 
tively low melting points and heats of  reactions of  
molecular organic crystals. S - | ~  At any n, the Tma x value 
is lower than the melting point of  CA but greater than 
that for HQ, pointing to the mechanism of  capillary 
spreading of  HQ. 3 

In the plot for the variation of  Tma x as a function o f  
u constructued in the ln(u/Tmax)--l/Tma x coordinates 
(see Fig. 4, curve 3), 1,25 two linear sections can be 
distinguished, - -  0.5 _< n <__ 1 at 100 ~ C < T_  < 115 ~ and 

b I < n <- 2 at 115 ~ < T_< 140 ~ (correlation coefficient 
', - 0.995). They correspond to two modes of  interaction at 

different n: low-temperature (n _< 1) and high- tempera-  
ture (n > 1) (see Fig. 4, curve 3). The effective activation 
energies (Ea) for these modes, estimated under the 

-dT/dx (rel. unit) 
or T/~ 

1 

Fig. 2. Photographs of the reaction mixture of HQ and CA: (a) 
the initial mixture, (b) initiation of SHS, (c) propagation of the 
SHS front, (d) cooling of the burnt sample. 

d 

0 4.8 9.6 x/mm 
Fig. 3. Temperature profile of the wave of the reaction of HQ 
and CA: T(l)  and -dT/dx (2); x is the linear coordinate along 
which the reaction wave propagates. 
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Fig. 4. Dependence of Trn~ (/) and u (2) on the mixture 
composition (n = [CAI:IHQI) and Tin.. ~ on u in the 
ln(u/Tmax) and I/Trn~x coordinates (3). 

assumption of one-stage first-order reaction without gas 
evolution (elementary combustion model of the Ist 
kind26), are 42 and 0.4 kcal tool -I .  

Calculation of the combustion parameters allows one 
to characterize these m o d e s .  27-29 For n = 1, the experi- 
mental values are To = 293 K, Tma x = 388 K, E =  42 
kcal mol -I .  It follows from the calculated values, 13 = 
RTmax/E = 0.0183, y = 13Tm~x/(Tma x - T O ) = 0.0747, 
and 9. l~t - 2.513 = 0.635, that in this case, nondegenerate 
stable combustion is observed. When 2 > n > I, T O = 
293 K, Tnaax = 413 K, and E =  0.4 kcal mol - j .  The 
calculated values 13 = 2.049, , /=  7.052, and 9.1~t - 2.513 
= 59.051 show that at n > 1, the combustion mode 
actually changes to combustion with phase transition 
(elementary model of the l lnd  kindZ6), in which Tma x is 
determined by the boiling point of water. 

The break point separating these modes is located at 
n = I, which may correspond to a stoichiometric coeffi- 
cient k of the exothermal reaction equal to I. Below n = 
0.5, the autowave reaction does not occur at all since the 
blend is highly diluted by an excess of the reducing 
agent, HQ. The HQ molecules are fairly stable to heat- 
ing; therefore, in the 0.5 _< n < 1 range, excess HQ is not 
involved in the  reaction and acts as an inert diluting 
agent. Thus, only the main activated exothermal reac- 
tion with k = I occurs. 

Excess oxidant CA (n > I) brings about secondary 
exothermal processes. Nonactivated reaction occurs; the 
reaction temperature exceeds 100 ~ which causes 
evaporation of the water formed (elementary model of 
combustion of the l ind  kind z6,29) and may even cause 
ejection of the product, which looks like a dark-brown 
sintered porous material, out of the vessel. Water evapo- 
ration in the SHS front stabilizes the combustion tern- 

perature near 100 ~ The condensation of water vapor, 
which is filtered through the porous mix ahead of the 
reaction front, creates condit ions for the process to 
occur in a thin layer of water (degenerate mode, "t' > 
0.125). The measured Ea value refers to boiling of water, 
which can be induced by either an increase in the heat 
content of the mix or a decrease in the heat loss (for 
example, due to higher initial temperature, a greater 
sample diameter, etc.). 

During the reaction at n = 1, substantial (up to 40%) 
shrinkage of the mix occurs. The resulting cast reaction 
product remains plastic for some period because it con- 
tains a substantial amount  of water, which is detected as 
drops of the condensate on the cold walls of the beaker. 
The loss of weight due to the water evaporation during 
combustion does not exceed several weight percent. 
After crystallization, the reaction product has a dark 
green color, which changes to green-yellow upon grind- 
ing and drying over CaC[,. 

It is known 3-6 that mobile phases, even present in 
small amounts, have a substantial effect on the combus- 
tion macrokinetics. In our case, the partial evaporation 
of the water formed in the reaction maintains a Tmax of 
about 100 ~ at n _< I and thus prevents thermolysis of 
yet unreacted CA. Meanwhile, while moving and, possi- 
bly, condensing in the sample, water vapor influences 
the heat and mass exchange processes and the rate of the 
chemical reaction between the reactants both inside and 
outside the synthesis wave. 

To verify the latter assumption, the effect of solvent 
admixtures on the process macrokinetics was studied. This 
was done by comparing the u and Trnax values for samples 
prepared by drying the powders to a certain initial state and 
then keeeping them in the vapors of various solvents. 
Water and protic and aprotic pure organic solvents (hydro- 
carbons, alcohols, ketones, halocarbons, etc.), with various 
polarities and molecule sizes, were used as additives; these 
compounds can get into initial powders during their manu- 
facture, processing, and storage. A substantial increase in 
Tma x (to 190 ~ and u (to I mm s -I)  after drying the 
powders was found (cf. Fig. 3). After adsorption of solvents 
or water, the low u (0.55-i-0.09 mm s -I)  and Tmax (130+5 
~ parameters were restored; the values depended on the 
nature of the solvent used. 

These results account for the changes in u and Tma x 
observed on increasing n from I to 2, when a substantial 
amount of water forms upon dehydration of excess CA 
at the reaction temperature, as well as for the poor 
reproducibility of the u and Tma x values found for differ- 
ent batches of the reactants. 

The reaction studied clearly demonstrates a general 
feature of organic SHS processes, namely, the easy 
variability of macrokinetic parameters upon minor  
changes of various factors (for instance, n or the purity 
of the powders). This, in turn, reflects the variability of 
the chemical composition of SHS products, 3 which is 
due to multiple functionality and low thermal stability of 
organic compounds. 
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Analysis of  the reaction products. The chemistry of 
the process. Chloramine B can exhibit both oxidative 
and chlorinating properties, as follows from the formal 
scheme of  its decomposit ion t5 (Scheme l). 

Scheme 1 

PhSO2NNaCI-3H20 P- PhSO2NH 2 -~ NaOC] + 2 H20 

NaOCI ~ NaCI + [O] 

NaOCI + 112 H20 ~, NaOH + [CI] + 112 [O] 

There fo re ,  w i t h  a l l owance  for  the chemica l  p r o p e r -  
ties of HQ, 16,17,19.30 it can be suggested that the prod- 
ucts of SHS can include hydroxy and chloro derivatives 
of HQ, in addit ion to the compounds presented in 
Scheme 1 (benzenesulfonamide, NaCI, NaOH,  water). 

CA does not  undergo thermolysis during SHS 
according to Scheme 1 because the temperature of  
decomposit ion of  CA (198 ~ see Fig. 1, cf. Ref. 22) is 
much higher than the maximum temperature of  the 
process (100--115 ~ This is also indicated by the fact 
that autowave decomposit ion cannot be induced in the 
initial CA, apparently,  because this reaction is endother-  
mic. 

Attention was centered on the analysis of the SHS 
products obtained in a mixture with a [CA] : [HQI 
molar ratio (n) equal to 1, which ensures, as shown 
above, complete  conversion of  the reactants. 

The loss of  sample weight immediately after the SHS 
does not exceed 0.56%. Thus, virtually no gaseous prod- 
ucts are formed during SHS. Dehydration of  the SHS 
product (CaCI2, 30 ~ 24 h) results in the loss of  
1.08 moles o f  water per mole of  HQ taken. Thus, the 
elemental composi t ion of  the solid reaction product can 
be calculated with the knowledge of the elemental com-  
position of  the mix, CIsHIs.sN2Oa.9SNaC1. 

Annealing (350 ~ of  the product in air affords a 
white dry residue; its calculated molecular weight is 65 
(a mixture of  NaCI, NaOH.  and NazCO3), indicating 
the presence of  volatile organic products of SHS and the 
absence of  carbon black or resin formation. 

A saturated (0.4%) aqueous solution of  the SHS 
product shows an alkaline reaction. Titration of  this 
product revea ls  the presence of 0.86 moles o f  a--I N 
alkali per mole of  HQ taken. 

The heaviest ions in the mass spectra of  the SHS 
product are responsible for peaks with m/z 178--180, 
which can be matched by the species C9HTNO- H20~ or 
C9HsNOCI. Benzenesulfonamide (m/z (Ire j (,%)): 156 
(44) [M - H] +, 141 (33) [PhSO~] +, 77 (33) [Phi +) and 
hydroquinoline (m/z  (Irel (%)): 145 [M] + (100)) were 
identified. The latter compound could have formed only 
from HQ derivatives because HQ itself is entirely con-  
sumed during SHS. 

The X-ray diffraction patterns of  the SHS product 
contain reflections corresponding to NaC1 and benzene- 
sulfonamide phases (Fig. 5, d,e); in mixtures with n < l, 
HQ was also identified (see Fig. 5, c). The ampli tude of  
the reflections due to the latter product decreases with 
an increase in n and becomes zero when n = I. During 
drying of the SHS product, the reflection amplitudes in 
the X-ray diffraction patterns increase, which is associ- 
ated with crystallization of  the resulting water-soluble 
substances (see Fig. 5, d,e). 

When n > 1, reflections due to NaCl predominate 
(see Fig. 5, f,g) because organic reaction products are 
partially evaporated and thermolyzed, yielding an alloy 
amorphous to X-rays. The similarity of  X-ray diffraction 
patterns obtained at n >_ 1 indicates that at the n values 
studied, the same reaction occurs. Complete assignment 
of  the reflections is impossible because no data on the 
phase diagrams of the hypothesized SHS products are 
available. 

The IH NMR spectra of  the SHS product exhibit 
signals for almost all the protons present in the aromatic 
rings of HQ and CA in the region of  6 = 6.7--8.4 
(Fig. 6, curves 1 and -7) and no signals of  acidic or 
nonaromatic protons (6 = 9--  12 and 2--5,  respectively 31) 
(see Fig. 6, curve 4). Hence, the aromatic rings are not 
cleaved during the reaction. Due to fast proton ex- 
change, the signals of  the OH and NH 2 groups (6 = 
4.5--5.1) are not resolved, it can also be suggested that 
the H(2) (6 = 8.1) and H(4) (6 = 8.7) atoms 31,32 in the 
HQ molecule are not affected by SHS because their 
signals do not disappear from the spectra but are only 
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Fig. 5. X-ray diffraction patterns of the HQ--CA system: HQ 
(a); CA (b); n = 0.5 (c); n = 1, immediately after the synthesis 
(d); n = I, after drying (e); n = 2 0% 3 (g); Cu-Kc~ radiation; 
peaks with intensities lower than 30% are not shown; the 
amplitude of the maximum peak is I. Thin lines correspond to 
HQ, the bold line shows NaCI, the dashed line is CA, and 
dash-and-dot lines correspond to BSA. 



2250 Russ.Chem.BulL, VoL 48, No. 12, December, 1999 Klimchuk et al. 

broadened (cf  Fig. 6, curves 1, 3--5). This can be 
explained by spin density redistribution in the rings due 
to the appearance of  substituents (O, CI) in other posi- 
tions of the HQ molecule and formation of  intramolecu- 
lar hydrogen bonds. As n increases from 0.5 to I, the 
signals of the HQ protons gradually become less intense 
and finally disappear (see Fig. 6, curves 3--5), as has 
been observed in the X-ray diffraction patterns. 

The IR spectra of  the dried SHS product (Fig. 7, 
curve 4) allow reliable identification of  the NH 2 
(a doublet at 3330 and 3240 cm -l  and a band at 1560 
cm - t )  and SO 2 (1170 and 1380 cm -1) groups of  
benzenesulfonamide. 31 The decrease in the intensity of  
the broad band of  the hydrogen-bonded OH groups 
(3400--3200 cm - t)  and the disappearance of  the band of 
single OH groups (3590 cm- l )  31 after the SHS is due to 
the consumption of  the water of  crystallization of  CA 
during the reaction (cf Fig. 7. curves 2 and 4). 

The increase in n from 0.5 to 1 (see Fig. 7, curves 3 
and 4) is accompanied by changes similar to those 

I 

I 

I ~ . . ,  I I i , i 

4 5 6 7 8 9 6 

Fig. 6. IH NMR spectra of the HQ--CA system: HQ (1); 
CA (2); n = 0,25 (A, 0.5 (4), 1 (5). 

described above in relation to the X-ray diffraction and 
IH NMR data (see Figs. 5 and 6). This is manifested as 
weakening of  the nonoverlapping absorption bands of  
the reactants (3590 and 1260 cm -1 for CA and 1290 and 
1280 cm -l  for HQ) and strengthening of  the bands of  
products (1560 cm-l) .  The characteristic absorption band 
at ~1330 cm -I  that appeared after the reaction (see Fig. 
7, curve 4) can be due to vibrations of  the N ~ O  
group 31,33 in 8-hydroxyquinoline N-oxide or its hydrate. 
The formation of  this product appears quite likely in 
view of  the ability of  HQ to undergo exothermic oxida- 
tion.16,lT,19 

The absorption bands at 28000 cm -I  and 18800 
cm -I ,  due to the aromatic rings in HQ, 3a do not disap- 
pear from the diffuse reflection spectra of  the SHS 
products (cf Fig. 8, curves 2 and 3). Therefore, it can be 
claimed that the interaction occurs without destruction 
of the aromatic rings of  HQ. 

The bands that appear at 13500 cm -l  and 23500 
cm -j  (see Fig. 8, curve 3) may be due to 8-hydroxy- 
quinoline N-oxide or its crystal hydrate; the former 
band corresponds 35 to the n~r~* transition. 

The removal of  water from the freshly prepared SHS 
product during storage in air or drying is accompanied 
by a smooth increase in the total extent of  reflected light 
(cf  Fig. 8, curves 3 and 4). This is due to product 
crystallization, which still goes on after the synthesis and 
during the product drying. This process, which is also 
detectable in the X-ray diffraction patterns (see Fig. 5, 

I , 

/1290/ } ~j~,,.,~ 2 ~ j 
�9 l r. .J q 

, 1 I ~ 3590 

ii I 'i ,/ 
 I133oI V 

I 70 ,38o , ,  , ,  , 

I100 1500 1900 3000 3500 

Fig. 7. IR spectra of the HQ--CA system: HQ (1); CA (2); 
n = 0.5 03, I (4). 



Self-propagating high-ter  pt 7"ature synthesis Russ.Chem.Bull., VoL 48, No. 12, December, 1999 2251 

-- 2 

~ "  k 3 )-4 

~-I k2 

. . . . . . .  ,__,, 14 i/KK, 
Fig. 8. Diffuse reflection p~ !ra of the HQ--CA system: 
CA (1); HQ (2); dried S}- ~ oducr (3); the SHS product 
immediately after the synth ,is 4). 

d,e), results in a greater ol ! reflecting surface area of  
the samples. 

N-Oxides are normaiiy ~,aramagnetic 35 and chlor-  
amines tend to undergo c:mi - radical processes3a; there- 
fore, the ESR spectra o: t t : :  products were studied. A 
sample dried after SHS ~ ts :~und to be responsible for a 
symmetrical singlet (g = _.'.0 ~43+0.0009, AH = 10.6 G),  
which coincides with the si~ :~al of the reference sample 
of  the N-oxide. The pararr<~ters of  the singlet remain 
virtually unchanged after t.:e sample has been evacu- 
ated. cooled to 77 K, h e a e d  ~o 335 K, and recrystallized 
from EtOH. Such a beha', i o  is consistent with represen- 
tation of  the N-oxide r~o~:cule as a free radical, in 
which the spin density of  h,. unpaired electron is mainly 
concentrated on the N ~  ) : , rod.  35 

After a freshly prepar :d v, mple has been dehydrated 
at room temperature, the ;p ~ concentration increases to 
1019--102~ s p i n g - I  (a (; ~ - ~ . 0 %  content of  the para- 
magnetic substance). Th~ a,.~aal content of  the N-oxide 
in the samples is greate: t ' :cause it is present as the 
monohydrate,  which h~ )~  paramagnetic properties; 
hence, the spectromete '  d :ects only those molecules 
that form upon partial :',1 dration of  the hydrate ac- 
cording to Scheme 2. 

: ',h,-.,e 2 

C9HTNO2.H2C ~.- " C9H7NO 2 + H20 

The chemical b i n d i ' g  f the N-oxide to a water 
molecule results in delc,, a l : :a t ion of  the spin density of  
the N ~ O  bond, enhar, er:.ent of  exchange processes, 
and, as a rule, in a de~ ;e~:se or even vanishing of  the 
ESR signal. 3s This war ~oserved in freshly prepared 
products, in those reef. mqlized from ethanol, and in 
solutions of  the SHS pro ~u~'ts (in ethanol or DMSO),  in 
which the hydrate dime. ,,a:ts 37 by Scheme 3. 

Scheme 3 

CgH7NO 2" H20 - " [CgH7NO2 �9 H] + + OH- 

After removal of  the solvent, the initial content of  
spins in the SHS products is restored. 

The chromatograms of  the SHS product show the 
presence of two groups of  organic compounds; Rf = 0. I 
might correspond to benzenesutfonamide (BSA) and 
Rf = 0.87 is assumed to correspond to hydroxyquinoline 
derivatives. 

The dried SHS product was found to contain chlo-  
rine in an amount close to the calculated amount  
(9.30%); 2.36% is represented by CI-  (NaCI, which is 
produced by Scheme 1 in a quantity of 3.7% or  0.26 
moles). Since CA and HQ are completely consumed in 
the SHS, the HQ molecule is not destroyed, and no 
polychlorinated derivatives of  HQ are formed (see above), 
the rest of  the ch lo r ine  (6.94%) occurs  as a 
monohalogenated HQ. 

The results of  elemental analysis of  dry residues from 
the extracts of  the SHS product  into solvents (water, 
ethanol, ether) also point to the presence of a substantial 
amount of  chlorine (10.46--13.52%) and sulfur (7.62-- 
8.56%). The calculated ratio of  elements (C, H, O, N, 
CI, S) in the dry residues does not correspond to an 
individual compound.  This suggests that the extractable 
compounds are stable BSA complexes with the products 
of  transformation of  HQ. 

Thus, the whole set of  analytical data shows that in 
the SHS the degree of  conversion of  an equimolar  
mixture of HQ and CA powders is 100%. The solid 
product formed in the SHS contains NaCI (3.7%), 
NaOH (8.7%), water  (4.7%), benzenesu l fonamide  
(38.1%), monochlorinated HQ (33.5%), and the HQ 
N-oxide hydrate (0.8--8.0%). These estimates are rough 
because of the error in the double integration of  the ESR 
spectra and the uncertainty in the determination of  the 
degree of dissociation of  the N-oxide hydrate by Schemes 
3 and 4. Therefore, the formation of  other hydroxy and 
chloro derivatives of  HQ, benzenesulfonamide, or their  
complexes in 3--6% yields also cannot  be ruled out. The 
results obtained suggest that the reaction proceeds by 
Scheme 4. 

Scheme 4 

CgH7NO + F:~nSO2NNaCI. 3H20 

. ~  CgH7NO2.H20 + PhSO2NH 2 + NaCI + H20 

- C_.,gH6NOCI + PhSO2NH 2 + NaOH + 2 H20 

it has been shown previously i l  that the SHS in the 
mixture studied is a one-stage thermal process, which 
starts with melting of  HQ, and that the wave in the 
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reaction area is completed over 5--7 s. In addit ion,  as 
shown above, thermolysis and hydrolysis of  CA, which 
could account for a multistage SHS, are not involved in 
the process. Therefore, a reaction mechanism assuming 
synchronous interaction between the initial molecules 
and formation of  the final products with participation of  
the CA water protons and the lone electron pair of  the 
HQ nitrogen appears probable (Scheme 5). 

Scheme 5 

H 
I 

% ,  

H/O~/~H ~ C 1  /N"O[ + H"N"~SO2Ph+ 
H SO2Ph + NaCI 

H Na~N~,SOgPh 

H - - O  

H 

%C / + I 
[ H/'N"'SO2Ph + 
CI 

+ NaOH 

The mechanism of solid-phase interaction. A short-  
term storage of  a mixture o f  HQ and CA powders at 
room temperature changes its color, texture, and ability 
to undergo SHS. Previously, 7 a similar situation has 
been observed for mixtures of  piperazine with malonic 
acid and has been explained by assuming that the reac- 
tion occurs at the contact  points between the particles. 

Study of this interaction, below referred to as solid- 
phase reaction, at room temperature presents interest 
because its rate substantially increases at the SHS tem- 
perature and it starts to play a noticeable role, especially 
in the area of  heating of  the SHS wave. 3 - s  

Below we present the results of  a study of  the solid- 
phase reaction performed using ESR, optical diffusion 
reflectance spectroscopy, and powder X-ray diffraction 
analysis. 

The ESR spectra of the initial HQ exhibit a signal for 
the HQ N-oxide with a concentration of  ~1017 spin g-I  

�9 (~0.0.I.% of~he substance),l l  ha a freshly-prepared mixture 
of the reactants with n = I, the intensity of  this signal 
increases 3--5-fold over a period of  several minutes 
(Fig. 9, region I); then, over a period of  several days, it 
increases 2--3-fold according to a linear pattern (correla- 
tion coefficient 0.98) (see Fig. 9, region II). Subsequently 
the growth of  the signal virtually stops (see Fig. 9, region 
l l l ) .  Such a stepwise dependence attests to a multistage 
process. The first step is a fast surface reaction at the 
interparticle contact points. This is confirmed by the strong 
relationship between the rate of  the process and the compac- 
ting pressure: as the pressure increases from 0.3 kg cm -2 to 

25 kg cm -2, the rate of the ]rst stage increases 3--4-fold 
due to the increase in the c intact area of the particles. 38 
The rate of the second stage s determined by the diffusion 
of the reactants toward the : :action surface. 

In the optical diffuse re( :ctance spectrum of  a freshly 
prepared mixture with n = (Fig. 10, curve 3), absorp- 
tion bands (see Fig. 10, cu:  es 4 and 6) characteristic of  
the SHS product (see Fi~ 10, curve 7) appear  after 
some period. Their intensi" gradually increases, so that 
in the limiting case, the sir c t rum of  the mixture coin-  
cides qualitatively with tha: 3f the SHS product  (cf Fig. 
I0, curves 6 and 7). Appa. n t ly ,  the chemical  reaction 
occurring in this case is th.  same as in the SHS. 

I/I0 
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Fig. 9. Kinetics of the solid-pb .e reaction based on ESR data. 
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Fig. 10. Diffuse reflection spem, ~: CA (/); HQ (2); mixtures of 
HQ and CA powders with n : l (3--6): immediately after 
mixing (3), 24 h later (4), after rituration (5), 5 days later (6); 
the SHS product (7). 
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The rate of  the linear increase in the intensity of  the 
band referring to the aromatic ring of  HQ (k  t = 
28000 cm - I ,  see Fig. 10, curve 2), which is determined 
from the slope of  the straight line (Fig. 11, straight line 
1), is the lowest among those observed. The increase in 
the amplitude of  this band is due to the decrease in the 
total reflecting capacity of  samples rather than to chemi-  
cal transformations. 

The rates of  the growth of  the bands with ~-3 = 
18800 cm - l  and k 4 = 13500 cm - I  (see Fig. I1, curves 3 
and 4) are identical and are higher than that for ~q. 
Apparently, these bands are due to a chemical transfor- 
mation and belong to the same product. The kinetic 
curve for the band ~.2 = 23500 cm - I  (see Fig. t I, curve 
2) does not coincide with those for other bands but it 
has a linear section parallel to the curves ~br k 3 and L 4 
(see Fig. I 1, curves 3 and 4). This implies synchronous 
formation of  all the colored products. A similar linear 
section can be found by ESR (see Fig. 9). The rate of  
the increase in the amplitude of  the bands, like that of 
the ESR signals, increases with the compacting pressure. 

The products formed in the solid-phase reaction are 
deposited as a crust on the surthce of  the reactant 
particles, while the unreacted component  remains inside 
the particles. This is confirmed by the fact that the 
spectrum of  a triturated, partially reacted mixture (see 
Fig. 10, curve 6) shows a substantial weakening of  the 
absorption bands o f  the products with a simultaneous 
increase in the total intensity o f  the reflected light (see 
Fig. 10, curve 5); the reactivity of  the mix thus is 
restored. The latter is due to the renewal of  the reactive 
surface of the particles upon the destruction of  the 
product crust and to the decrease in the relative surface 
concentration of  the products. The subsequent dynamics 
of  the absorption spectra of  this mixture coincides quali- 
tatively with the dynamics o f  the spectra of  a freshly 
prepared mixture. 

1.0 

0 20 40 60 80 t/days 

Fig. 11. Kinetics of the solid-phase reaction based on the data of 
optical spectroscopy: bands with ~.l = 28000 em -I (1), X 2 = 
23500 cm -I (2), ~.:~ = 18800 cm -I (3), >,4 = 13500 cm -t  (4). 

The I R spectra of a mixture in which the solid-phase 
reaction occurs are superpositions of  the spectra of  CA, 
HQ, and the SHS product (see Fig. 7), which confirms 
the similarity of this process and the SHS. The differ- 
ence is the appearance of  absorption bands due to 
hydrogen-bonded and single OH groups (3200--3400 
and 3590 cm- t ) ,  31 which are typical of CA (see Fig. 7). 
This is due to the fact that dehydration or dehydroxylation 
of  samples does not occur at room temperature but does 
occur at the SHS temperature. 

To study the transformations of  the crystalline phases 
during the solid-phase reaction, X-ray diffraction pat- 
terns of  the pressed mixtures were recorded at intervals. 
The kinetic curves for the relative amplitudes of  sets of  
reflections corresponding to the same substances (HQ 
and CA, NaCI and BSA) are located in areas marked by 
the same hatching in Fig. I2. These areas are rather 
wide and the shapes of  the upper and lower borders of  
the areas of  reactants (see Fig. 12, a and b) do not 
coincide. This may be due to unequal rates of  the 
formation or destruction of the crystallographic planes 
with different indices, which possess different reactivi- 
ties. The substantial inhomogeneity of the powders, 
which is manifested as line narrowing during the reac- 
tion, and autocatalysis can also be responsible for this 
finding. 

The crystal lattices of  the reactants are destroyed at 
different rates during the solid-phase reaction; HQ is 
destroyed faster (see Fig. 12, a) than CA (see Fig. 12, b). 
This might be due to both dissimilar mechanisms of  
their interaction and to different resistances of  the lat- 
tices against reaction products, in particular, water. 

I/I0 

",,'<4 ib, I\  
,, \ ' - <  I t 

", \ i ~  ,, 
'\~ 
\  If/ 

22 
1 2 3 4 Ig(t/min) 

Fig. 12. Dynamics of phase transformations in the solid-phase 
reaction based on X-ray diffraction data: (a) HQ: (b) CA; (c) 
NaCI; (d) benzenesulfonamide; (e) the background level. 
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The reflections for the lattices of  products, NaCI (see 
Fig. 12, c) and BSA (see Fig. 12. d), do not appear 
simultaneously with the consumption of  the reactants 
but aRer a substantial delay because the process of 
formation of product microcrystals is hampered at room 
temperature. The NaCI crystals, possessing high polarity 
and melting point,  are the first to form (see Fig. 12, c). 
The rates of  the growth of  reflections of  both products 
are virtually equal, and the upper and lower borders of  
areas c and d are similar, pointing to synchronous 
formation and uniformity of  the product  crystals. 

The chemical reaction is accompanied by an increase 
in the overall degree of  dispersion of  the mixture 
(amorphization) because the reactant crystals are de-  
stroyed by the nuclei of  new phases. This is displayed as 
an increase in the background level in the X-ray diffrac- 
tion patterns (see Fig. 12, e); the rate of  this process 
markedly increases after the appearance of  product mi- 
crocrystals (autocatalysis). 

Thus, the results obtained in studies of  the solid- 
phase reaction by various methods are in good agree- 
ment with one another. 

To elucidate more precisely the mechanism of  the 
chemical transport during the solid-phase reaction be- 
tween HQ and CA, samples were prepared in which the 
dispersed reactants (particle diameter  0.315 > d > 0.2 
ram) were not intermixed but were packed in a quartz 
cylindrical tube with a diameter  of  8 mm as two adjacent 
layers, each 20-ram long (Fig. 13, b). Several hours 
later, a green-yellow ribbon appeared in the CA layer 
near the contact  boundary. The color intensity d imin-  
ished outward from the boundary. The length of  the 
colored area AI (Fig. 14) increased linearly with time, 
pointing to gas-phase reaction diffusion. 38,39 

Figure 13, a,c shows the distribution of the color 
centers and spins along the contact  area of  the layers, 
determined by diffuse reflection and ESR studies of  
parallel sections cut from the sample. The fact that these 
spectra are identical to those for H Q - - C A  mixtures and 
for the SHS product (cf. Fig. 10, curves 6 and 7) proves 
that the same reaction proceeds in all cases. The fact 
that paramagnetic species or  color centers are totally 
missing from the HQ layer, being present in a high 
concentrat ion in the CA layer (see Fig. 13, a,c), indi- 
cates that in this case, directed transfer of  only HQ 
molecules into the porous CA layer occurs. 

To de te rmine  more precisely t h e  mechanism oLthe 
HQ transport  (surface or gas-phase diffusion), the reac- 
tant layers in the above-described samples were sepa- 
rated from each other by aluminum foil or by a 3-ram 
thick layer of  quartz powder with the same degree of  
dispersion. In the former case no substantial changes 
occurred in the contact  area, despite the ~0.I-ram gap 
between the foil strip and the wall of  the tube. However, 
in the latter case, the situation was qualitatively the 
same as in the above-described experiment.  This implies 
that HQ could be carried by gas-phase diffusion, which 
is consistent with the high volatility of  HQ at room 
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Fig. 13. Distribution of color and paramagnetic centers along 
the contact area of the HQ and CA layers: (a) relative concen- 
trations of paramagnetic centers along the comact area; 
{b) SlrlJclurr of the sample; (c) optical spectra of sections of the 
contact area. 
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Fig. 14. Kinetics of the propagation of the colored area. 

temperature, t6,17 Previously, 4~ another  possible mecha-  
nism of  HQ mass transfer in the  solid-phase reaction, 
namely surface diffusion, has been reported. 
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The high rate of the solid-phase reaction suggests 
that the reaction occurs not only due to transfer of large 
HQ or CA molecules through a crust of the products hut 
also due to surface diffusion of light oxygen-containing 
active species (O, HO, HO 2, H20 2, etc.), capable of 
relay race migration, especially in the presence of water 
molecules 41 (Scheme 6"L 

Scheme 6 

--- H - - O  ..- H - - O - - H  .-- 
I 

�9 . .  H - - O  -.. H - - O - - H  . . .  

- - .  H - - O - - H  . - -  O - - H  - - -  

I 
- - .  H - - O - - H  - - -  O - - H  - . .  

To verify this hypothesis, the reaction was carried 
out with powders subjected preliminarily to the adsorp- 
tion of water or various organic solvents. Indeed, the 
rate of the solid-phase reaction (10 days, see Fig. I1) 

1.0 ~ b  

0.5 ~ _ 

Solvent 
i ~ I ' I i I ~ , '  I 

2 3 4 5 6 7 8 9 10 11 

F i g .  15 .  E f f e c t  o f  a d s o r b e d  s o l v e n t s  o n  the  k i n e t i c s  o f  t h e  

solid-phase reaction: (a) the band with k 2 = 23500 cm -t. 
(b) the band with L~ = 13500 cm -I. (I) dry mixture, 
(2) methanol, (3) benzene, (4) isopropanol, (5) hexane, 
(6) methyl ethyl ketone, (7) acetone, (8) chloroform, 
(9) tetrachloromethane. (10) ethanol, (/1) butan-2-ol. 
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Fig. 16. Scheme of interaction of hydroxyquinoline and 
chloramine particles: (1) gas diffusion, (2) surface diffusion, 
(3) solid-phase diffusion. 

was found to increase by a large factor (2--5-fold) after 
adsorption of any of the solvents (Fig. 15). A similar 
influence of solvent traces on the kinetics of the reaction 
of powders has been observed for SHS and topochemical 
reactions. 42 

Thus, the results obtained make it possible to pro- 
pose a sequence of processes occurring in HQ and CA 
mixtures at room temperature and, apparently, in the 
heating area of the SHS wave (Fig. 16). On contacting 
the particles, a fast reaction occurs on the contact 
surface (see Fig. 16, b). Then, as a result of sublimation 
of HQ in the pores of the mixture, the surface of CA 
particles that does not contact directly with the HQ 
particles is also involved in the reaction (see Fig. 16, c). 
The loss of HQ in the gas phase is made up by its 
subsequent evaporation. After the CA surface has been 
covered by a monolayer of the reaction products, the 
reaction proceeds due to the surface diffusion of HQ and 
active species and later due to diffusion through an 
X-ray-amorphous layer of condensed products (see 
Fig. 16, d), in which crystals of the reaction products are 
formed after some period. This scheme is consistent 
with the mechanism of solid-phase reactions of HQ with 
other substances. 40 

Since the reaction in question is accompanied by 
change in the phase states of the reactants, it cannot be 
classified as a topochemical reaction. 9 

Reaction mechanism at synthesis temperatures. The 
next stage of the investigation included elucidation of 
the SHS mechanism in the 20--100 ~ temperature 
range, which covers the temperature in the heating zone 
(<58 ~ and the temperature of the SHS wave initia- 
tion (>58 ~ at which the main SHS mechanisms are 
realized and product formation occurs. 

The ESR method provided the possibility of estimat- 
ing the degree of conversion of the reactants by moni- 
toring the formation of paramagnetic 8-hydroxyquino- 
line N-oxide molecules, C9H7NO 2 (see above and 
Ref. 11) according to Scheme 4. 

A weighed portion of an equimolar mixture of HQ 
and CA was placed in a spectrometer and the ESR signal 
was recorded as the sample was heated to a specified 
temperature. The initial mix exhibits !1 a weak signal for 
the HQ N-oxide. When the temperature increases 
stepwise (Fig. 17, curve /), the amplitude of this signal 
increases sharply and disproportionately and reaches a 
maximum near the melting-point of HQ (64 ~ 
(Fig. 17, curve 2). 

Keeping the mixture at an attained constant tem- 
perature does not bring about the expected growth of 
this signal. Conversely, it slightly diminishes (see. 
Fig. 17, curve 3) owing to a decrease in the Q-factor of 
the resonator by the water vapOr evolved. This "stepwise" 
kinetics of the signal growth is caused by inhomogeneity 
of the reactants: small or defective crystals react faster 
than larger ones. 

When the mixture is heated to the melting point of 
HQ, not only the signal amplitude increases but also the 
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Fig. 17. Temperature and time dependences of the ESR signal: 
(/) the temperature cur~e T(,); (2) the temperature depen- 
dence of the relative intensity 1/1o(7); (3) the time dependence 
of the relative intensity l/Io(t); (4) the temperature depen- 
dence of the relative signal width 14/1to( 7); -~ is the sweep time. 

signal markedly narrows down (see Fig. 17, curve 4) to a 
AH value corresponding to the mixture melt. This can be 
due to the increase in the mobility of  paramagnetic 
species on heating and to a decrease in their exchange 
interaction with the crystal lattice o f  HQ, which is 
destroyed under the influence of  high temperatures. 

After the melting point of  the HQ crystals has been 
attained in the resonator, thermal explosion occurs. The 
water vapor thus evolved (see Scheme 4) detunes the 
spectrometer, which hampers further investigation of  
the reaction. Previously, we studied this in detail by a 
dynamic ESR technique, which made it possible to 
estimate the distribution of  paramagnetic N-oxide mol- 
ecules and the degree of  conversion of  the reactants in 
the reaction front.ll  

Additional information on the chemical processes 
occurring in the combustion wave of  a mixture of  HQ 
and CA was gained by investigating the microstructure 
and chemical composition of  the surface of  polished 
sections prepared from samples in which-the SHS front  
had been terminated by fast cooling of  the burning 
sample in liquid nitrogen (quenching). 

Figure 18 shows the distribution of  paramagnetic 
species along the direction of  the front propagation 
determined by measuring their relative concentrations in 
a quenched sample. The sections were sliced parallel to 
the reaction front; the edges of  the sections were set by 
the visually distinguishable color intensity. It can be seen 
that paramagnetic species are accumulated in a 0.6-ram 
long area, which exactly matches the reaction front. 
Two areas with high contents of  particles were found in 
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Fig. 18. Concentration profile of the front of the quenched 
sample. 

the front. The nonuniform distribution of  paramagnetic 
species in the reaction front and, hence, the different 
degrees of  transformation giving the N-oxide in these 
areas are apparently clue to the oscillation mode 
of  combustion 3 or perturbation of  combust ion by 
quenching. 

Electron microscopy studies 2t of  the chemical phase 
boundaries discloses not only the chemical structure of  
the surface but also the mechanism of the chemical 
interaction between the particles and mass transfer. Fig- 
ure 19, a shows the picture of  the longitudinal polished 
section of  a quenched sample obtained by this method. 
It can be seen that the front contains three main regions, 
viz., a porous two-phase region of  the initial mix (I); a 
600--800-~m region comprising at least two phases with 
a small number of  pores, which is the transient area 
containing the reaction intermediates (If); and a ~300- 
tam relatively homogeneous, slightly porous region com- 
posed of  the final reaction product (Ill). The white dot 
inclusions are corundum particles having gotten into the 
samples during polishing. The microstructures of  these 
regions at a greater- magnification are-shown in Fig.. 19, 
b--d, respectively. 

Three structural components of  region I are seen in 
the photograph of the initial mix (see Fig. 19, b); the 
solid backing is the CA phase, the broad black inclusions 
with a size o f - 3 0 - - 4 0  faro are the HQ phase, and the 
black narrow lines are cracks and pores having arisen 
during the sample preparation. 

In the transient phase II (see Fig. 19, c), three 
microregions differing in elemental composition are distin- 
guished. The light phase is a CA particle, the black phase is 
an HQ particle, and the surrounding gray phase, which 
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Fig. 19. Microstructure of the front of the quenched sample: (a) three characteristic regions of the front, • (b) the initial 
mixture, region I. • (c) the transient region II, x540: (d) the final SHS product I11. x440; (e) concentration cur,/es in region 
II. x 1000; (f) concentration curves in region Ill, • 1000, the "compo" mode. 

contains Na, CI, S, and O and is characterized by a much 
(I .5--2 times) greater content of C compared to that 
corresponding to CA. is the reaction melt of  CA and HQ. 
Analysis of  the concentration profiles of Na, CI, and S at 
the CA--mel t  interface (see Fig. 19, e) demonstrates that 
the synchronous course of the curves for these elements in 
the CA panicle, which is peculiar to individual substances, 
is disturbed in the melt area, which is due to the started 
destruction of  the CA molecule and segregation of  CI- and 
S-containing substances in separate phases. 

Thus, at the reaction temperature,  the low-melting 
HQ undergoes capillary, spreading in the CA phase. The 
pores occurring in the mix disappear (cf. Fig. 19, b and 
d); this is one of  the reasons for the shrinkage of  samples 
observed after combustion. 

Region III (see Fig. 19, d~ consists of  two uniformly 
scattered microregions with different elemental compo-  

sitions with a characteristic size of  5--10 lain, which are 
referred to below as "light" phase (with a greater average 
atomic number) and "dark" phase (with a smaller aver- 
age atomic number). Qualitative local X-ray spectral 
analysis (LXSA) showed the presence of  the same ele- 
ments (Na, CI, C, N, S, O) as in CA. The main 
difference between these microregions is the difference 
in the proportions of  S, Na, and CI. in the "light" phase, 
Na and CI predominate,  while S predominates in the 
"dark" phase. This is clearly demonstrated by the parallel 
courses of the concentration curves tbr Na and CI and 
the antiparallel course of  the curve for S along the beam 
scanning line (see Fig. 19, f ) .  

The characteristic size of  the chemical phases is 
smaller than the local analysis area, which depends on 
the electron beam diameter (~2 urn): therefore, all ele- 
ments can be determined simultaneously at each point 
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of the sample. With allowance for the above-presented 
data on the elemental composition of the reaction prod- 
ucts, it can be assumed that the product phases observed 
are formed by several compounds. The "light" region 
contains mainly CI (NaCl, chloro derivatives), while the 
"dark" region contains mainly S (benzenesulfonamide). 

Comparison of regions 11 and Ill made it possible to 
monitor the dynamics of structurization during SHS and 
to propose a mechanism for the interaction between HQ 
and CA in the SHS wave. On heating, the reactants 
form a melt whose melting point is lower than the 
combustion temperature. The melt undergoes capillary 
spreading in the porous matrix of high-melting CA. 
During the reaction, the crystal structures of the reac- 
tants are entirely destroyed and the texture of the initial 
mix is disturbed. The subsequent crystallization of the 
reaction product affords microregions of two types, larger 
(~5--10 urn) regions containing predominantly CI or S 
and smaller regions with a size of <2 p.m. 
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