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The solid state diazotation of sulfanilic acid monohydrate (1) on (010) gives island features and 
craters on the surface. The remaining surface roughness stays low enough to permit depth 
dependent grazing incidence X-ray diffraction (GID) measurements, but only when the gas 
applications are slow. The theoretical background of the unprecedented GID measurements is 
given. GID measurements were undertaken below, at and above the critical angle of incidence 
to differentiate the processes at the surface and in the crystal bulk. The phase rebuilding and 
phase transformation processes could be directly detected in the bulk of the crystal supporting 
the common AFM interpretations which are derived from the formation of surface features in 
correlation with crystal packing data. The combined consideration of depth resolved in-plane 
GID and AFM experiments leads to a comprehensive description of the gas-solid process. 

Keywords: AFM; GID; synchrotron; sulfanilic acid; diazotation; phase rebuilding; depth de- 
pendent diffraction 

INTRODUCTION 

Atomic Force Microscopy (AFM) provides new answers for organic solid- 
state reactivity. New and unexpected details are unraveled which cannot be 
obtained by any other technique, presently. The new concept of phase rebuil- 
ding enables comprehension of the necessity for far-reaching anisotropic 
molecular movements on the basis of crystal structure data. That requirement 
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262 A. HERRMANN et al. 

for reactivity was not foreseen and not considered to be existing [l]. AFM 
is a local technique that images surface topography. The phenomenological 
description of the phase rebuilding during chemical reaction must be inter- 
preted with respect to known crystal packing properties. However, direct 
information about the processes in the crystal bulk require additional tech- 
niques such as grazing incidence X-ray diffraction (GID) with synchrotron 
sources. The angle of incidence ai can be kept below the critical angle of 
total reflection ac. The penetration depth of the X-ray beam Li is limited to 
about 5 nm for that condition. If however, a, is chosen larger than ac, the 
penetration depth increases discontinuously and information from the crystal 
bulk is obtained. By systematic variation of ai depth dependent diffraction 
profiles (a,-profiles) are obtained. These are used here for the investigation of 
the diazotation of single crystals of sulfanilic acid monohydrate with gaseous 
NO,. 

GAS-SOLID DIAZOTATIONS WITH NITROGEN DIOXIDE 

Nitrogen dioxide is an ubiquitous toxic gas from (automotive) firings which 
poses severe problems to the atmospheric environment. It is a free radical 
and has a high reactivity which allows elegant applications in numerous 
gas-solid syntheses which, unlike common solution reactions, proceed quan- 
titatively and avoid wastes [2,3]. An important example is the diazotation 
of sulfanilic acid (1) to give its diazonium salt (3), which is needed for the 
synthesis of the well known indicator methylorange (via azo coupling with 
N, N-dimethylaniline). 

Both anhydrous sulfanilic acid or its monohydrate, which forms mon- 
oclinic prisms with 1-3 mm long edges, diazotize quantitatively under the 
action of gaseous NO,. The solid product crystals may be safely ground in 
an agate mortar (avoiding all kinds of sharp edges). They are, however, as 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 263 

are other solid diazoniums salts, explosive if heavily hit on an anvil. The 
crystal data of 1 (P2,/c, a=6.473, b=18.308, c=6.812 A, 8=93.63”) [4] 
and 3 (P2,/c, a=8.02, b=9.81, c=11.46 A, 8=126.7”) [S] are known. The 
structure of 2 is unknown. 

AFM INVESTIGATIONS 

The AFM results help in search, systematization and prediction of further 
waste-free solid state reactions. That is achieved by direct indication of the 
reasons for the success of these new synthetic techniques. All kinds of 
waste-free solid-state syntheses without solvent will undoubtedly turn out to be 
the production techniques of the future. Photoreactions of crystals have 
been used extensively [ 11, however, their large-scale technical use poses 
difficulties. More profitable appear gas-solid [6] and solid-solid [7] syn- 
theses. These were severely hampered by incomplete theories of topochemis- 
try [8] that did not cover all reactivity factors and thus could not “explain” 
gas-solid and solid-solid reactivity. That situation has now changed by the 
new theoretical foundation [l, 6,9]. The AFM investigation on the (010) 
pinacoid of sulfanilic acid monohydrate at a rather massive application of 
NO, is shown in Figure 1. The starting surface (Fig. la) shows traces of 
their well-known efflorescence in the form of tiny volcanoes. These features 
disappear after the first application of NO, in air. Flat islands which tend 
to include little craters are formed (Fig. lb, d). The characteristic island 
features are still recognizable after multiple application of NO, (Fig. lc). 
However, the advanced height growth is remarkably slow and less uniform. 
A more roughened height scenery with embraced craters is obtained. The 
formation of islands [lo] is a consequence of the crystal structure of sul- 
fanilic acid monohydrate [4], which is depicted in Figure 2. The hydrogen 
bridged molecules stand vertically on their narrow side under (010) and 
their orientation alternates. The water molecules add further hydrogen 
bridging. While the upmost layer on (010) has half of the molecules with 
their NH,-groups freely accessible to attack by NO, to give diazotation 
(Fig. 2, top), any proceeding of the reaction under (010) would require that 
the long elongated molecules exit from their H-bonded lattice positions and 
move upward in order to make all amino groups available for diazotation 
which either pointed downward in the first layer or upward in the second 
layer etc. Clearly such reaction is hindered by the particular packing in 
Figure 2. Therefore the reaction tends to spread around the initially successful 
invasions. The island formation [lo] proceeds so orderly, that two parallel 
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264 A. HERRMANN et al. 

FIGURE 1 AFM topography of the (010) surface of sulfanilic acid monohydrate; (a): fresh 
and hardly effloresced; (b)/(d): island formation after 1 min diazotation with 2ml of 70% NO, 
gas as applied from 1 cm distance; (c): after 6 treatments with 2 ml of 70% NO, gas each. 

levels at a distance of 15 nm are initially formed on the surface (Fig. lb, d). 
Subsequently the AFM images hardly change upon further addition of NO,. 
Nevertheless, the reaction proceeds, but that is only seen after massive applica- 
tion of NO, (Fig. lc, after 6 fold application of NO,). It appears, that the NO, 
molecules have to attack at crystal defects, e.g. from the sides of the infinite 
chains at the slopes of the craters. Such reaction would be virtually unhindered, 
provided that the volume of the crystal does not increase significantly. Despite 
the good parallelism of the island surfaces with the lower plane, the features in 
Figure l b  are by far too high for GID measurements. As the craters within the 
islands (Fig. 1) and the crystal packing (Fig. 2) suggested a mechanism similar 
to the diazotation of anthranilic acid (where the side face of the crystal could be 
probed with the AFM) [ll], it could be assumed that after initial diazotation 
of all freely accessible NH,-groups at the surface the bulk reaction proceeds 
primarily from the sides of the hydrogen bonded chains. These should be 
accessible from crystal faults such as the developing crater faces. We decreased 
the height of the islands and favoured the formation of the craters by slowing 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 265 

FIGURE 2 Stereoscopic representation of the molecular packing of sulfanilic acid monohy- 
drate; top: view on the (010)-face showing hydrogen bridges between ammonium and sulpho- 
nate-groups with additional hydrogen bridging by H,O molecules; bottom: view on (100) 
which is orthogonal to (OlO), showing that the molecules alternate in their orientation and that 
they stand vertically under the (010)-face which is on top; N grid; S: shaded; 0 at S: circles; 0 
of water molecules: dense circles. 

down the reaction rate. Thus, at a 10 times slower application of NO, the 
height of the islands decrea&d to the 1 nm scale which was tolerable for the 
GID experiment. That feature is clearly illustrated in Figure 3. It shows that 
the initial roughness is flattened out after the first application of the reactant 
gas. Thus, the very efficient diazotation reacts all freely accessible amino groups 
at the surface and levels it. 3 further additions give rise to 1-1.8 nm high large 
area islands (Fig. 3c). After the fifth and sixth addition of NO, numerous 
craters are seen (Fig. 3d). Further additions do not significantly change the 
surface any more. It is to be expected that any further progress of the reaction 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 2
2:

15
 2

0 
A

ug
us

t 2
01

2 



266 A. HERRMANN et al. 

starts at the crater slopes which stand steeply under the (010) face of 1 and 
works itself laterally and vertically into the crystal bulk well under the surface. 
This mechanism was largely impeded in Figure 1 due to the 10 times higher 
concentration of NO,. While the natural side-faces of our single crystals of 1 
were too small for the AFM measurements, it was possible to prove that 
mechanism by GID measurements under the roughness conditions of Figure 3. 

GRAZING INCIDENCE DIFFRACTION MEASUREMENTS (GID) 

Several GID-investigations were carried out at surfaces to monitor dynamic 
phenomena such as melting of ice [12], of Cu,Au [13] and of semiconductor 
surfaces [ 141. However, the application of GID-techniques to organic gas- 
solid reactions is unprecedented. 

The GID experiments were carried out at the triple-axis diffractometer 
D4.1 at Hasylab (Hamburg, Germany). The wavelength was set to 1= 1.48 A. 

FIGURE 3 AFM surfaces of 1 on (010); (a) fresh; (b) after application of 1 ml 15% NO, in air 
from 1 cm for 1 min; (c) after similar application of 4 portions 15% NO,; (d) after 6 portions of 
NO,. 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 261 

PSD 

i r r a d i i  area 
ki .\ 

PSD 
specdar reflection 

FIGURE4 Side and top view of the diffraction geometry at grazing incidence; only the 
shaded part of the crystal contributes to the diffracted intensity; the position sensitive detector 
(PSD) is vertically mounted. 

The experimental setup is schematically shown in Figure 4. A position 
sensitive detector (PSD) was used to measure the angular position 28, of 
the in-plane diffraction signals as well as the intensity distribution as a 
function of the exit angle a, (rod scans) simultaneously. The resolution 
along a, amounted to 0.0055". The collimation of the incoming monochro- 
matic synchrotron beam was better than A~~x0 .005"  and A8,xO.Ol". The 
(002)-reflection of the monoclinic sample (1 x 0.5 mm2 area) was chosen for 
the measurements owing to the perpendicular arrangement of the net plane 
relative to the surface normal. 

The well collimated highly parallel synchrotron beam strikes the sample sur- 
face under an angle of incidence ai. The 28,-angle was fixed close to the cal- 
culated BRAGG-position (values from [4]) for the (002)reflection. The sample 
was then rotated around the surface normal (0-scan) to detect the appropriate 
angular position in which o fulfills the BRAGGcondition. The appearance of a 
surface BRAGG reflection was proven via an ai-scan where the a,-integrated 
signal was recorded as a function of ai This procedure provides the critical angle 
of total external reflection a, where the integrated intensity becomes maximum. 
For fixed ai the intensity distribution measured as a function of the exit angle a, 
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268 A. HERRMANN et al. 

(crystal truncation rod, CTR) is calculated by 

where T(ai) and T(a,) are FRESNELS transmission functions, becoming maxi- 
mal at values of ai,, = a, and approaching towards 1 for ai,/ > a,. 

Therefore a CTR displays primarily the function IT(a,)l’. It is overlapped 
by the CTR-scattering function S(q,), which varies as a function of momen- 
tum transfer 

q,  = 2n/ l [ (a i2  - aC2)l/’ + (a/’ - a,’)’/’] (2) 

perpendicular of the surface. In kinematic approach S ( q )  is determined by 

F (hkl) is the structure factor of the respective BRAGG-reflection expressed 
by its Miller indices h, k, I of a net plane which is arranged perpendicularly 
to the surface. S(q , )  becomes maximum also at ai,, = ac, owing to the com- 
plex character of 4,. Only if 411 equals the reciprocal lattice vector G(hkl) ,  
S(q , )  is independent from 411. This was taken into account using the 
KRONECKER 6 in eq. (3). Otherwise the in-plane rocking curve of the 
BRAGG reflection is projected towards a, following the relation 2sinA8, 
A& = ( a f 2  - ai2) [ 16- 181. This effect occurs even if A& is in the range of a 
few seconds of arc being typical for perfect single crystals. 

The grazing incidence diffraction allows a depth resolution of the diffrac- 
tion. This is due to the complex character of the last term in eq. (3). Li 
defines the length perpendicular to the surface for which the intensity is 
reduced by a factor of l/e. This is realized by eq. (4) 

neglecting the absorption q+ which is imaginary whenever a ica , .  In this 
case the incoming wave becomes evanescent, i.e. the exponentially damped 
wave propagates parallel to the sample surface. Their penetration depth is 
very small, it amounts to about 44 8, for the present investigations. 

If ai > a,, then Li is approximately defined by the linear photoabsorption 
coefficient p and Li varies with L x  sin a,/p. For weak absorbing materials 
as in the case described here Li approaches some 100 nm. 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 269 
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RESULTS AND DISCUSSION 
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- 

Single crystalline monoclinic prisms of sulfanilic acid monohydrate 1 with 
an edge length of 1 and 0.5mm were used for the investigation of the 
diazotation reaction. The single crystals were mounted optically parallel 
with respect to the incoming monochromatic synchrotron beam (,I= 1.48 A) 
and a fundamental reflection was searched. Measurements were done at the 
in-plane (002) reflection (structure factor F =26.5) [4]. The maximum of the 
diffracted intensity was found to be 26'=24.980'. The maximum value of o 
was determined via a scan around the surface normal (Fig. 5). 

The FWHM in 26' was only 0.0078'; this value is in the range of the half 
widths for reflexes which are typical of single crystalline semiconductor 
materials [14, 171. Thus, a high crystalline perfection of the initial state of 
the crystal is indicated. The half widths in w are independent from the value 
of up and the single crystalline order at different penetration depths Li 
remains almost perfect. The critical angle a, was found to be 0.17'. It 
corresponds to an electron density of about 0.44 which is in fairly good 
agreement to that indicated by the crystal data [4]. The depth dependent 
diffraction profiles at the (002) reflection of the neat sulfanilic acid mono- 
hydrate single crystal before starting the diazotation reaction are displayed 
in Figure 6. The PSD was mounted for all the investigations in such a 
position that the depth dependent scans could be obtained up to af values 

I -a--.,. 0.M 

I .  
IL.2D 64.26 K1D U.36 MAD 66.46 K.68 

["I 
FIGURE 5 Scan around the surface normal (w-scan) of the (002) reflection ( A =  1.48 A, 
FWHM =0.047f0.005") of a single crystal of sulfanilic acid monohydrate at different angles of 
incidence ai. 
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270 A. HERRMANN et al. 

of 3.41'. As expected, single maxima were observed within the monitored 
angular range, with the exceptions at ai=O.ll" and 0.17'. The second peak at 
higher af appears to be due to the crystalline imperfections of the investigated 
sample (see eq. (3) and the following arguments), but their appearance does 
not contain additional informations for the present kind of investigations. To 
follow the diazotation reaction after every injection (application of 15.3 
pmole of NO, in 1 ml air in a syringe from a distance of approximately 1 cm) 
of NO, the intensity and distribution of the diffraction signals in af were 
recorded at 4 different angles of incidence and therefore at 4 different penetra- 
tion depths. The angles of incidence were chosen to monitor the progress of 
the gas-solid reaction due to the diffraction profiles directly at the surface 
and at different depths in the crystal bulk. Thereby the values of ai which 
are below the critical angle of the total external reflection belong to pro- 
cesses occuring directly at the surface while the measurements at higher 
angles of incidence describe the propagation of the diazotation within the 
bulk of the crystal. The angle ai was set to two values below (0.05 and 
0.1 lo), the value at (0.17') and one value above the critical angle (0.23"). The 
depth dependent diffraction profiles were recorded after every addition of 
NO,. The integral intensity and the shape of the GID-curve remained un- 
changed until about 180 pmoles of NO, were applied. Continued application 

cow 

BOW 

4008 ' 

4.e e.w 0.4 e.m 1.4 LR zu Z Y ~  a41 
0, ri 

FIGURE 6 Depth dependent diffraction profiles at different angles of incidence ai at the (002) 
reflection of the investigated single crystal of 1 before diazotation with NO,, 1=1.48 b;, 
2e=24.980", m= 56.3070. 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 271 

of nitrogen dioxide produced a major change in the reaction profiles at an 
angle of incidence of 0.05". 

A critical value was reached when the integral intensity of the diffraction 
profile at the surface decreased to one third of the initial intensity within 
one injection step. Obviously, this critical stage corresponds to the point of 
phase transformation known from Figure 3d, when the island structures 
change to irregular aggregates at the surface. A similar interpretation holds 
for the data obtained at ai=O.ll" (contour plot in Fig. 7c). Additionally it is 
observed that the disappearance of the in-plane rocking curve occurs before 
the decrease of the diffracted intensity which is measured for the (002) 
reflection of the single crystal. This observation is obviously due to an 
increasing mosaicity of the crystal prior to significant chemical transforma- 
tion in that depth range. This process can also be observed at  the critical 
angle of total external reflection (Fig. 8a) with ai=a,=0.17". Thus, an in- 
crease in the integral intensity sZ(c r f )  daf  continues up to an applied amount 
of NO, of about 180pmoles while the signal of the in-plane rocking curve 
has already disappeared. Only in the measurements at ai <0.17" continued 
application of nitrogen dioxide gave rise to an increase of a new signal at 
af=0.68" which could not be classified yet. Above the critical angle (at 
ai = 0.23') the diffracted intensity behaves completely different during the 
reaction process (Fig. 8b). Within the bulk of the crystal at  a penetration 
depth of up to 0.1 pm the integral intensity s l ( a f )  dcrf in the (002) reflection 
decreases linearly by following the amount of the applied NO,. From the 
beginning of the chemical reaction the products are formed according to the 
formula drawing. 

CONCLUSIONS 

The experimental results indicate little initial change of the crystal lattice at 
penetration depths below the critical angle of the external reflection of 0.17". 
At low supply of NO, reactions at the surface of 1 - t o  give 4-benzenedi- 
azoniumsulphonate 3 apply solely to the amino groups of that half of the 
surface molecules that are freely available on the surface without any need to 
break hydrogen bonded chains which run down into the crystal bulk. Irregu- 
larities which are present on the surface are leveled out (Fig. 2). The integral 
intensity of the diffraction profiles increases up to a critical transformation 
with NO, and stays nearly constant for the signals at an angle of incidence of 
0.05", i.e. very close to the surface (Fig. 9). The formation of islands with step 
heights of up to 1.8 nm is in the range of the initial roughness and could not 
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212 A. HERRMANN et al. 

FIGURE 7 Depth dependent reaction profiles of the diazotation of sulfanilic acid monohy- 
drate below the critical angle a, (a: a,-profiles with 20=24.980", 0=56.307", ai=0.05"; b: the 
corresponding grey scale contour plot at a, = 0.05"; c: the contour plot at a(= 0.1 lo). 
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GAS-SOLID DIAZOTATION OF SULFANILIC ACID 273 

FIGURE 8 Depth profiles; a: at ai=a,=0.17"; b: above the critical angle at ai=0.23". 

be monitored by GID. The data at larger penetration depths indicate the 
formation of reaction channels presumably along disorder lines or at point 
defects which appear during chemical reaction and from which the NO, gas 
may efficiently enter into the bulk of the crystal and react with the amino 
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15000 - 
1000m - 
5000 - - 

1 . 1 . 1 ’ 1 . 1 . 1  

0.0 so.0 100.0 150.0 200.0 250.0 

applied NO2 [pole] 

FIGURE 9 Progress of the integral intensities Il(a,) da, as a function of the applied quantity 
of NO, at various angles of incidence. 

groups. The crater formation in Figures 1 and 3 are visible signs of that 
mechanism. Thus, larger regions of the upmost surface remain mostly un- 
changed, except the rapid reactions of the heads of one half of the molecular 
chains which are crystallographically inoperative until the reaction from the 
sides has considerably proceeded. At the critical point of phase transforma- 
tion, when the initial lattice breaks down and the product lattice forms, the 
single crystal island structures disintegrate rapidly. That is shown by the 
sudden decay of the in-plane rocking curve, The polycrystalline domains thus 
formed (crystallites) open a wealth of new channels for the progress of the 
diazotation in the crystal bulk. The diffraction signal of the reflex of 1 de- 
creases heavily, the surface disintegrates. The combined consideration of the 
GID and AFM experiments of the gas-solid diazotation of sulfanilic acid 
monohydrate 1 provides a sole interpretation. The depth resolved diffrac- 
tions at grazing incidence show, that besides the initial islands the also 
formed craters are of particular importance for the reaction. Thus, the 
combination of surface techniques with the depth resolved in-plane diffrac- 
tion allows a more comprehensive description of gas-solid reactions in or- 
ganic crystals, in particular if minute side faces cannot be probed directly by 
AFM. 
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