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X-ray Photoelectron Spectroscopy of Alkylamine-Silanes 
Bound to Metal Oxide Electrodes 

P. R. Moses, Larry M. Wier,' John C. Lennox,* H. 0. Finklea, J. R. Lenhard, and Royce W. Murray* 

Kenan Laboratories of Chemistry, University of North Carolina, Chapel Hi//, North Carolina 275 14 

ESCA results are presented for SnO,, RuO,, TiO,, and Pt/PtO 
oxide electrodes silanized with trialkoxyalkylamine-silanes. 
Observations include effects of reaction conditions, assay of 
the fraction of amine-like surface nitrogen, assay of N/Si 
surface atom ratios, 0 1s spectra, and fluoride dopant depth 
profile in SnO,. The silanized surfaces are amine-like but also 
exhibit other chemical features. The implications of various 
alkylamine-silane surface structures on electrochemical 
applications are discussed. 

Trialkoxyalkylamine-silanes react with the surfaces of 
several metal oxides which are useful as electrodes in elec- 
trochemical experiments. These include highly doped SnOz 
( I ) ,  RuOz (2), and "PtO" electrochemically formed on Pt metal 
(P t /P tO electrode) (3 ) .  Carbon electrodes also react with 
organosilanes (4). Binding of the alkylamine-silanes to these 
surfaces is a first step toward immobilizing various reagents 
on the chemically modified electrodes. Immobilization of 
several reversibly reduced redox reagents via amide bond 
formation on alkylamine-silanized RuOz, Pt/PtO, and SnOz 
electrodes has been described (2, 3, 5). Electron transfer 
reactions between immobilized redox reagents and the 
electrode surface may be sensitive to the connecting alkyl- 
amine-silane layer's structure, composition, and stereo- 
chemistry. We report here a number of experiments, prin- 
cipally using ESCA (Electron Spectroscopy for Chemical 
Analysis), directed a t  these aspects of the metal oxide/ 
alkylamine-silane interface. 

Our (1,6) and others' (7) previous pictures of silanized metal 
oxide electrode surfaces were simplified versions of interfaces 
which are more complex in a variety of ways. The present 
study aims a t  furthering our understanding of the structure 
and composition of the metal oxide/alkylamine-silane in- 
terface. Parts of a model have been discussed (5,  8). The 
trialkoxyalkylamine-silanes employed are 3-(2-aminoethyl- 
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Fayetteville, Ark. 72701. 

amino)propyltrimethoxysilane ( e n  silane) and 3-amino- 
propyltriethoxysilane (PrNHz silane), and the metal oxide 
electrodes are SnOz, Ru02,  TiOz, and Pt /PtO.  Continuing 
study of the alkylamine-silane and other silanized interfaces 
will doubtless in the future evoke additional understandings. 
In particular, we note that the four metal oxide surfaces have 
not been subjected with equal thoroughness to all different 
types of experiments discussed. In many respects the four 
metal oxides appear to behave similarly, but some intrinsic 
differences beyond those noted probably exist. Presumption 
of general similarity must be regarded for the present as a 
crude approximation. 

The observations fall into four major categories: (i) effects 
of reaction conditions, (ii) assay of the fraction of surface 
nitrogen which reacts in a normal, "amine-like'' manner, (iii) 
assay of bound silane composition through N/Si atom ratios, 
and (iv) 0 Is ESCA spectra of the silanized surfaces. We also 
describe a depth profile of fluoride dopant in SnOa electrodes, 
and a lack of success in achieving useful amidizations of 
alkylamine-silanized carbon electrodes (4). 

Alkylamine-silanes are widely employed for the chemical 
modification of various silica and alumina surfaces used in 
bonded phase liquid chromatography (9-1I),  affinity chro- 
matography (12), trace metal analysis (13,14), immobilization 
of transition metal catalysts (15), and in adhesion technology 
(16), among others. While we have carried out few experi- 
ments on nonconducting oxides, our model appears consistent 
with what is known about alkylamine-silanized silica and 
alumina, and adds by inference some additional features. 

EXPERIMENTAL 
Metal Oxide Electrodes. Ti02 was prepared in polycrystalline 

thin film form by chemical vapor deposition according to Bard 
( I  7)  or by simply heating Ti metal in a Bunsen burner flame. SnOz 
films on glass (commercially prepared) (I), spray-atomized RuOz 
films on Ti (2) and Pt/PtO electrodes (3)  were obtained as 
previously described. 

Chemicals. The PrNH, silane (3-aminopropyltriethoxysilane) 
and en silane (3-(2-aminoethylamino)propyltrimethoxysilane) 
(PCR Chemical Co.), earlier used as received, are now routinely 
vacuum distilled upon ESCA evidence of polymer contaminant. 
Nitrobenzoyl and fluorobenzoyl chlorides were from Aldrich. 
Benzene was dried over sodium. 
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ESCA. X-ray (Mg anode) photoelectron spectra were obtained 
with a DuPont 650B electron spectrometer (I). In later ex- 
periments the data acquisition and manipulation features of this 
instrument were modified with a microprocessor system to be 
described elsewhere (18). Typical vacuum level was 1 X Torr. 
A C 1s contaminant line was reproducibly present. B.E. of other 
elements are referenced to the C 1s line taken as 285.0 eV. 
Sputtering experiments were typically carried out with 1.5 keV 
and 35 mA Ar+ beam current. As samples for electron spec- 
troscopy were necessarily exposed to the atmosphere during the 
synthetic preparation, care was taken to avoid contaminant sources 
particularly of Si and N, and to check for these elements with 
control samples. Si remained a problem with SnOz electrodes 
as discussed in the text. Possibly excepting Pt/PtO, the metal 
oxides do not tend to adsorb alkylamines (probable silane reagent 
contaminant) from benzene control solutions. 

Silanization Reaction Conditions. Procedures identified 
previously as reaction Methods A, C, and D (I, 6) are: Method 
A involves prolonged reflux of the metal oxide electrode in a 10% 
silane solution in benzene or xylene. Method C carries out the 
reaction in a glove box (Vacuum Atmospheres) or in syringe cap 
vials in 1-570 silane solutions in benzene at room temperature 
for 5560 min. Method D uses typically 1% silane in 6 “C benzene 
for periods ranging from 10 s to 10 min. Silanized samples are 
washed very thoroughly with dry benzene before removal from 
the reaction flask, to avoid contact of any silane-containing solvent 
with atmospheric moisture, and then with methanol in many cases. 
An additional silanization procedure (Method E) has undergone 
preliminary tests; in this method the sample is reacted with silane 
vapor in an apparatus maintaining the sample at ca. 60 “C for 
12 h. We have little ESCA data on samples prepared by Method 
E, but silanization does occur on RuO,, and amidization with 
3,5-dinitrobenzoyl chloride yields the expected surface electro- 
chemistry (2). 

Amidization Conditions. Reaction of 3,5-dinitrobenzoyl 
chloride with silanized metal oxide samples has been carried out 
using a range of conditions. Typical solution concentration is 0.05 
M in CHCl, solvent, the reaction time ranges from 10-60 min, 
and temperature from room to ca. 60 “C. In some cases a catalyst 
base such as 2,g-lutidene or 1,8-dimethylaminonaphthalene is 
added, but care must be taken in the washing procedure that this 
nitrogen-containing material is adequately washed from the 
sample. The latter base, for instance, adsorbs rather strongly on 
RuOz surfaces, and its use there is undesirable for experiments 
involving N 1s ESCA spectra. 

RESULTS 
Effects of Reaction Conditions. Reaction conditions for 

metal oxide silanizations include the (i) pretreatment of the 
metal oxide surface, (ii) conditions under which the silane is 
contacted with the surface and excess rinsed from the surface, 
and (iii) conditions under which the freshly silanized surface 
is handled en route to subsequent measurements or chemical 
reactions with the alkylamine moiety. We will discuss each 
of these in turn. 

Pretreatment. Pretreatment is known to be important 
for chemical modification of SiOz surfaces. At room tem- 
perature only ca. 50% of the surface oxygens are thought to 
achieve a hydroxylated (-SiOH) state (19,20). Except under 
highly acidic, basic, or dehydrating conditions, infrared 
measurements on TiOz (21), and SnOz (22) powders indicate 
that  the surface lattice oxygens are predominantly in a hy- 
droxylated (-MOH) state. Strongly dehydrating conditions 
are required to reduce 0-H stretching intensities with gen- 
eration, presumably of oxygen-bridged M-0-M sites. The 
-MOH site should constitute the reactive site for the alk- 
oxysilane groups. Thus it is not greatly surprising that  no 
influence of pretreatment, under conditions ranging from hot 
concentrated HCl to 450 “C drying followed by re-exposure 
to air, was discerned in previous ( I )  and ensuing studies of 
SnOz. 

Pretreatment conditions employed thus far for RuOz and 
Ti02 films have been governed by considerations of producing 
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Figure 1. Reaction kinetics of en silane in 6 OC benzene with Sn02. 
Reaction quenched with benzene rinse. (- 0 -) I N l s  for 1 YO silane 
solution, (0) IN for 0.1 YO solution, (0) for 0.001 YO solution: (-A-) 
I,, 2p for 1 % solution. N 1s spectral inset for data point “A” 

adherent and properly conducting or doped materials in the 
film preparation process itself. Exposure to laboratory air is 
permitted before silanization. These surfaces are reactive 
toward the silane reagents and we have no data suggesting 
that they are not extensively hydroxylated. 

Pretreatment of the approximate monolayer of oxide on 
Pt/PtO electrodes has been restricted to low temperature oven 
drying (50 “C) to protect the layer. The silanization reaction 
is sensitive to the conditions of the electrochemical preparation 
of the oxide layer ( 4 ) .  

Overall, while detailed investigation of pretreatment effects 
is incomplete, we have not yet, except for perhaps Pt /PtO,  
discerned pretreatment to be as important a reaction condition 
variable as those described below. 

Silanization Reaction Conditions. The significance of 
anhydrous reaction conditions for the silanization process has 
been emphasized ( I ) .  Growth of three-dimensional siloxane 
polymer can be substantially avoided under anhydrous 
conditions (6). Of the various reaction methods employed (see 
Experimental), the earliest (Method A) ( 1 )  is unnecessarily 
forcing for the metal oxides considered here. The room 
temperature Method C is convenient and is thought to yield 
a limiting coverage as “monolayer” to distinguish it from 
“multilayer” (as with siloxane polymer growth). We emphasize 
that this is a reaction site-limited coverage and may not be 
the same as a coverage limited by the molecular dimension 
of the alkylamine-silane, Molecular dimension-limited 
coverages are those typical in Langmuir-Blodgett experiments 
(23) .  

The very mild Method D was originally investigated as a 
strategy to achieve coverages less than the reaction site-limited 
value. Figure 1 shows N 1s and Si 2p ESCA band intensities 
on SnOz surfaces reacted with 6 “C, 1% en  silane solutions 
for various times. The time dependence of the two elements 
is different; we believe the N 1s data represent alkyl- 
amine-silane coverage more accurately. The Si 2p data will 
be discussed later. The N 1s band is a doublet due to free 
base and protonated amine (N and NH’) forms (1); relative 
N/NH+ intensity is not a function of reaction time. The 
Figure 1 data are total N 1s intensity, which rises quite rapidly 
to a gradually sloping plateau. For a 3-6 min reaction time, 
the N Is intensity achieved is within 20% of the average 
intensity ( I )  for en silane reacted successfully with SnOz using 
Method A. 

The N 1s data of Figure 1 show that  achieving less than 
limiting coverages of en  silane on SnOz using 1 % silane so- 
lutions with Method D requires inconveniently short reaction 
times. Lowering the en  silane concentration can be an ef- 
fective tactic for a 30-s reaction period, as illustrated by Figure 
1 for 0.1% and 0.001% solutions. The latter corresponds to 
about 25% coverage. The reproducibility of such low coverage 
experiments is not very good, and comparable experiments 
have not yet been conducted on the other metal oxides. 
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Figure 2. 1.5 keV Ar’ sputter of Sn0,len electrodes prepared by 
Vethod D (-) and by a Method A experiment in which polymer formed 

-1 

Figure 3. Cyclic voltammograms on SnO, (Curves A, D), SnO,/en 
prepared with Method D (Curves B, E), and Sn0,len prepared with 
Method A (Curves C, F). Same electrode preparation as used for data 
of Figure 2 but different specimens. Curves A-C: ca 2 mM ferro- 
cyanide in 0.1 M KCI and pH 2.4, 0.5 M glycine buffer 200 mV/s. 
Curves D-F: 1 mM Ru(bpy),(ClO& in 0.18 M H2S04, 0.1 M KCI. 200 
mVls 

Electrodes with sub-monolayer silane coverage may be useful 
for study of steric aspects of redox couples (2 ,24)  immobilized 
or. electrodes using alkylamine-silane chemistry. 

The incidence of poor electrode preparations in which 
silcxane polymer-forming misadventures occur is much higher 
with Method A than the milder Methods C end D. For 
examp!e, in a comparison preparation of SnOz/en electrodes 
(sing Methods A and D, the Method A electrode showed 
evidence of polymer formation by greatly reduced Sn 3d5/, 
bar.d intensity (Isl,ane/lunreact = 0.09 vs 0.68 on the Method 
D electrode) and prolonged N 1s and Si 2p signals upon 
sputtering, as shown ir. Figure 2. On method D (and C) 
electrodes, N 1s disappears after a few seconds of sputtering, 
acd Si 2p a little more slowly. Both bands were persistent 
on the polymer-coated Method A electrode, and Sn 3d5p and 
0 Is intensity remained low after several minutes of erosion 

We presumed earlier ( I )  that  electrochemical properties 
n x d d  be quite sensitive to siloxane polymer formation. Figure 
2 compares cyclic voltammetry of aqueous ferrocyanide and 
P - ~ ( b p y ) ~ ~ +  on native SnO, and on the Method A and D 
SnO?/en The reversibility of both electrode reactions on 
netive SnOz and Method D-Sn02/en is quite similar. The 
oxidation of R ~ ( b p y ) ~ ’ +  on the polymer-bearing Method 
A-SnOz/en is poorly defined, very irreversible, with small 
currents. but the ferrocyanide reaction is only mildly irre- 
versible (Curve C). The negatively charged Fe(CN),4 ap- 
parer.tly readily penetrates the siloxane film, which at the 
solutim pH employed should bear positive ammonium sites 
Rrr(bpy):2’ tends to be excluded because of either its charge 
or lerger size This comparison shows that electrochemical 

properties are not necessarily good criteria to distinguish 
polymer-coated from monolayer-coated electrodes. 

Gleria and Memming (25) have reported abnormally small, 
nondiffusion controlled currents for aqueous R ~ ( b p y ) , ~ +  
oxidation at  highly doped SnOz in aqueous acid, interpreting 
this as R ~ r b p y ) , ~ +  adsorption on the SnOz surface. In our 
experiments, we saw no evidence for adsorption by ESCA of 
Ru(bpy)R2+-exposed Sn02.  Cyclic voltammetric ip /u l /z  of 
aqiipous Ru(bpy)32+ solutions is constant over 5-500 mV/s 
sweep rate. The diffusion coefficient calculated from the 
i,/v’/* data has a normal value (6 X lo+ cm2/s). 

Post-Silanization Treatment. If the reaction of the three 
alkoxysilane functions present on PrNH, and en silanes with 
the metal oxide surface is incomplete, “dangling” alkoxysilane 
groups may exist on the electrode surface after silanization 
is terminated. The fate of these dangling groups, as deter- 
mined by handling of the silanized electrode, may influence 
the behavior of the alkylamine-silane/metal oxide interface 
in subsequent measurements or reactions of the amine sites. 
The reaction of the trialkoxyalkylamine-silane with hy- 
droxylated metal oxide surface can be written 

I I1 I11 

where Structures I, 11, and I11 represent different degrees of 
coupling and R’ is the alkylamine or some other group. 
Published descriptions of the relative proportions of these 
structures are both sparse and generally nonquantitative, as 
analysis for them is a difficult problem. In reactions of 
chloromethylsilanes with silica surfaces, Structure I is often 
presumed without justification other than probable bond 
strain in Structure 111 plus incomplete SiOz surface hy- 
droxylation. Residual Si-Cl has been detected after silica 
reaction with dimethyldichlorosilane (20). An average of two 
AI-0-Si bonds per silane (e.g., Structure 11) was reported (26) 
after reaction of a trichlorosilane with alumina. After reaction 
of dimethyldichlorosilane with tin(1V) oxide gel, Harrison and 
Thornton (27) showed that the silanized material reacts with 
acetic acid vapor to yield infrared bands assignable to a silyl 
ester, which was hydrolyzed slowly by water with appearance 
of spectral features attributed to -SOH groups. Examination 
of Sn02 films by inelastic tunneling spectrometry following 
reaction with triethoxyvinylsilane has produced evidence for 
dangling ethoxysilane groups (28). Similarly, Raman bands 
assigned to Si-C1 have been ohserved on SnOz following 
reactinn with 3-chloropropyltrichlorosilane (29). Thus some 
evidence exists for Structures I and I1 and for dangling reactive 
groups on silanized surfaces, but none for Structure 111. 

Accordingly, it seems reasonable to assume in silanizations 
of metal oxide electrodes with trialkoxyalkylaminesilanes that 
the surface products contain, or perhaps are predominantly, 
Structures I and 11. Post-silanization handling of these 
surfaces can be in three modes. Assuming for the discussion 
Structure 11, the post-silanization environment of the surface 
can be maintained in an anhydrous and aprotic state, to 
attempt to preserve the dangling alkoxysilane. Alternatively, 
the surface can be deliberately exposed to moisture, hy- 
drolyzing the alkoxysilane group to an -SOH function as in 
Structure IV 

Thirdly, thermal curing ran he used t n  atterrpt two-di- 
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Table I. 
Acid-Base Assay 
Expt Electrode' 

Assay of Active Amine 

I- 1 SnO, /PrNH, 

I- 2 SnO, /en 

I- 3 RuO, /en 

Amidization Assay 

Expt 
I- 4 
I- 5 
I- 6 
I- 7 
I- 8 
1-9 
1-10 
1-11 
I - l l a  
1-12 
1-13 
1-1 3a 
1-14 
1-15 

Electrodea 
SnO, /PrNH, 
SnO, /PrNH, 
SnOZ /PrNH, 
S n 0 2  /en 
S n 0 2  /en 
SnO, /en 
RuO, /PrNH,j 
RuO, IPrNH, 
RuO, /PrNH,' 
RUO, /enh 
TiO, /en 
TiO, /en 
Pt/PtO/en 
Pt/PtO/en 

Treatmentb 
pH 10 wash 
0.05 M HCI wash 
pH 10  wash 
0.05 M HCI wash 
pH 10 wash 
0.05 M HC1 wash 

Treat men tb  
4-(NO, )PhCOC1 
3,5-(NO, ),PhCOCl 
4-FPhCOCI 
4-(NO, )PhCOCl 
3,5-(NO, ),PhCOCl 
4-FPhCO C1 

3,5-( NO,),PhCOCl 
4-( N0,)PhCOCI 
3,5-( NO, ),PhCOCI 

3-(NO,)PhCH,COOH' 
3,5-(NO2),PhCOC1 
3,5-(NO,),PhCOOH' 

3,5-(NO,),PhCOOH' 

3,5-(N0,),PhCOOHi 

IN IS(?"O)/'N 1$(401.~)c~ '% 

76/24 
58/42 
72/28 
41 159 
61137 
39163 

I N  1 5 ( 4 " 6 . 5 ) /  IF 1 $ ( 6 8 7 ) /  

IN is(i\mine + amide) IN is(Amme + amide) 

0.20,f 0.27 
0.13 

0.29 
0.96,g 0.98, 1.00 

1.48 
0.42, 0.27, 0.33, 0.30 
0.20 

0.53 

1.84 

0.49, 0.53, 0.72, 1.35 
0.24 
0.21 
0.45 
0.45, 0.68 

1 6  

31 

26 

Active amine'', 7% 

20,f 27 
6 

22 
29 
48, 49, 50 
77 
7 4  
21, 33, 16, 15 
20 
24, 25, 36, 63 
1 2  
23 

(23)' 
(23,  34)' 

a Electrode/PrNH, and electrodeien denote surfaces reacted using Method C with 3-aminopropyltriethoxysilarie and 3-(2- 
aminoethylamino)propyltrimethoxysilane, respectively. 
specimens to  avoid possible beam damage effects. 
silane douhlet are 399 3 eV and 400.6 eV for e n  and 400.3 eV and 401.9 eV for PrNH,,  
tensity shifted t o  higher B.E. by acid wash. 
yields tagged derivative. 
cross-section (30) ratio 0.42. 
used. Thermal curing post-silanization treatment. Amidization using DCC coupling rocedure. I Anhydrous post- 
silanization handling, reactions conducted in glove box. 

ESC.4 data comparing acid and base treatment are on separate 
Intensities are in % of total amine band area; actual B.E. in alkylamine- 

Percentage of total nitrogen in- 

Nitro derivatives normalized according t o  number of nitro sites; fluoro derivative normalized with 
e Percentage of total alkylamine-silane N 1s band (Amine t Amide) which 

f Data taken from figure in ref. 7 ,  silanization reaction Method A. Silanizatian Method D 

Silanization Method E used, !? See text. 
. . . - __ . - __I___._.___.. ~ .- -. ._ 

mensional cross-linking of the surface, expelling H,O and/or 
ROH to yield siloxane bridge< as in Structure V. 

:$:: Sl >:1 
'I n' 'R 

L 

Consequences of these three modes of post-silanization 
handling have heen observed in several experiments. RuO? 
and P t / P t O  surfaces after silanization with en silane react 
with nitrobenzoyl chlorides; the resulting surfaces exhibit 
electrochemical surface waves characteristic of the nitro- 
aromatic moiety (2 ,  3). Differences in the electrochemical 
behavior were noted on the P t /P tO  surfaces depending on 
whether the freshly prepared Pt/PtO/en surface was exposed 
to moisture or not prior to the amidization step ( 3 ) .  This 
possibly is associated with reactivity of dangling -SiOH groups 
in the water-exposed samples. An analogous sensitivity of 
RuOz/en surfaces toward moisture was not observed (2)  in 
the electrochemistry of nitroaromatics immobilized on the 
Ru02/en electrodes, which had been thermally cured, and 
which were thus probably in the less reactive Structure V. 
Effects of thermal curing are also found in tests of stability 
of RuOz/en surfaces toward hot (ca. 80 "C) water. Freshly 
silanized RuOz/en is stable in a variety of solvents, but a few 
minutes' exposure to  hot water completely strips the alkyl- 
amine-silane as evidenced by disappearance of its N 1s 
spectrum. After curing at 85 "C (in vacuo) for 30 min, 5 H 0 %  
of the N 1s  band survives the hot water test. Involvement 
of Structure V is implied but not proven by this experiment; 
whether the hot water degradation is due to -RuOSi- bond 

hydrolvsis or dissolrition of the outermost RuO, lattice is not 
known In contrast to the result on Rir02/pn,  boiling a 
SnO?/pn electrode for 2 h in water produced no alteration in 
the observed N Is or Si 2p spectral intensities Curlng effects 
on Sn02 /en  have not been ascertained, and on P t /P tO/en  
thermal curing incurs unacceptable and not further inves 
tigated increases in electrochemical background currents. 
These various observations show that the form of post-si- 
lanization handling is an experimental variable which merits 
detailed attention in electrode preparation. 

Analysis of Alkyamine-Silanized Metal Oxide Sur- 
faces for Active Amine. Since one intent of alkylamine- 
silanimtion is to immobilize amine sites on the metal oxide 
electrode as reagents for further molecular elaboration of the 
surface, analysis of the fraction of immobilized nitrogen which 
actually will react as amine is a relevant measivement. lJsing 
ESCA N 1s data, we have measured active amine as proton- 
atable base, and as amide-forming functionality. 

Acid-Base Reactions of Immobilized Alkylamine- 
Silane. The N Is band observed on SnOs electrodes im- 
mediately after reaction with alkylaminesilane (Figure 1) and 
alkylpyridine-silane ( I )  is a doublet which from the observed 
binding energies and separation (400.3 and 401.9 eV for PrNH, 
and 399.3 and 400.6 eV for en silane) is reasonably interpreted 
as a mixture of free and protonated amine. Exposure to water 
or dilute base diminishes but does not eliminate the higher 
B.E. band (unexpected since a protonated slkylammonium 
site attached to the metal oxide surface only through the alkyl 
chain should be deprotonated by this treatment). Also, 
exposure to strong acid (0.05 M HCI) only partially converts 
the free base band into the higher R.E. form. These effects 
are reversible and occur with little change in total N Is in- 
tensity. 
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Figure 4. N 1s spectra for SnOp/frNH, (Curves A, B) and Sn0,len 
(Curves C, D) electrodes exposed to pH 10 aqueous base (lower) and 
to 0.05 M HCI (upper) resolved into protonated and free base spectral 
components. Different samples used for each experiment 

Figure 4 shows the N Is doublet for Sn02/PrNH2 and 
SnOz/en surfaces exposed to aqueous acid and base, and Table 
I gives areas of the resolved bands (Experiments 1,2) .  Taking 
the relative change in intensity of the higher binding energy 
band as a measure of active amine, the results indicate that 
only a small portion of the nitrogen on the PrNH, silane 
surface is active base. A larger fraction is active on the 
SnOz/en surface. On both surfaces a significant fraction of 
the nitrogen retains the higher binding energy even upon base 
wash. RuOz/en behaves similarly (Experiment 3). 

These results suggest three forms of nitrogen on alkyl- 
amine-silanized metal oxide: a form with free amine binding 
energy which resists protonation in acid (designated as [N] 
form), a form with ammonium binding energy which resists 
deprotonation (designated as [NH] form), and an active, 
reversibly protonated form (designated as [N/NH] form). 
Analysis of the data in this manner is subject to criticism as 
it neglects “transfer” effects (changes in the alkylamine-silane 
surface in going from an aqueous acid-base equilibrium to a 
dry state and thence into the vacuum of the electron spec- 
trometer). For example, amine protonated while in contact 
with the aqueous acid is possibly deprotonated when dried 
or placed under vacuum, in which case the determined % 
[N/NH] form is too low and the actual % [N] form is lower 
than that measured (or non-existent). The lability of the 
acid-base reaction is a potential liability in the active amine 
assay, An active amine analysis in which the amine deriv- 
atization is more permanent, such as in an amide. is desirable. 

Amidizat ion of Immobilized Alkylamine-Silane.  
Amidization of an en or PrNH, alkylamine-silanized surface 
with an acid chloride or with a carboxylic acid in the presence 
of a dehydrating agent such as N,N’-dicyclohexylcarbodiimide 
(DCC), produces little change in the overall appearance of the 
alkylamine-silane N Is doublet. The amide and alkylamine 
nitrogens have similar binding energies (31). To determine 
the fraction of amide nitrogen in the unresolved amine + 
amide band, the amidizing reagent should contain a “tag” 
atom with distinctive binding energy. For instance, reaction 
of  a Sn02/PrNH, surface with 3,5-dinitrobenzoyl chloride 
yields a nitro N Is band at  406.5 eV, well resolved from the 
amine + amide band. The relative intensities of the two bands 
reflect the extent of amide formation. If the Sn02/PrNH2 
surface consists of 100% active amine, the band area of the 
nitro band would be 2 x that of the amine + amide band. A 
different element can alternatively be used for the tag atom. 
siich as F or S. In this case a relative elemental sensitivity 

factor becomes included in the active amine determination, 
which is thereby somewhat less reliable. 

Results of such tag atom amidization assays for active amine 
are given in Table I. Examples of spectra have been reported 
previously (2,3). Shake-up bands as observed for nitroanilines 
(32) or heam damage effects are not seen in the nitro tap 
spectra or in a spectrum of authentic n-propyl-3,5-dinitro- 
benzamide, which exhibits a stable nitro/amide N 1s band 
area ratio of 2 / 1  as expected. 

The experiments on Sn02 employ several amide reagents 
since the initial work was done on this material. On a 
Sn02/PrNH2 surface, Experiments 1-4, 5, and 6 show only 
6-?i% of  the surface nitrogen amidized by the indicated 
reagents, in contrast with Sn02/en where 50% amidization 
is obtained using 3,5-dinitrobenzoyl chloride (Experiment 1-8). 
Note that en silane contains two alkylamine functions, so if 
one assumes that amidization occurs predominantly a t  the 
terminal primary nitrogen, Experiment 1-8 results indicate 
100% active primary amine for en silane as compared to 
6-27% for PrNH2 silane. While the fraction of amine which 
is active on both en and PrNH, silanized surfaces is actually 
dependent on experimental variables as discussed below, the 
key result is that a lower fraction of primary nitrogen un- 
dergoes amidizat ion on PrNH,-silanized surfaces. 

Incomplete reactivity of surface nitrogen on SnOz/ PrNHz 
and Sn02/en surfaces can be interpreted in terms of hy- 
drogen-bonding of amine, principally that in the y position 
on the alkyl chain, to silanol (-SOH) functions on the parent 
or neighbor silane which result from hydrolysis of uncoupled 
silane. (In most of these experiments, no special precautions 
were taken to maintain anhydrous post-silanization condi- 
tions.) Additionally hydrogen bonding could involve unsi- 
lanized metal hydroxyl (-MOH) sites. We suggest that  the 
surface structures may be 

where R = H for PrNH, and R = -CH,CH2NH2 for ~n silane. 
There is considerable precedent in previous silanization 

work conducted under both polymer forming and anhydrous 
conditions for this explanation of inactive amine. Hydrogen 
bonding o f  amine sites in alkylamine-ilanes to silanol or other 
surface hydroxyls has been widely inferred (33-35). Infrared 
spectra demonstrate the adsorption of ammonia on silanol 
groups a t  silica (36). Kahn (37) obtained evidence for liquid 
crystal orientations a t  PrNH,-silanized surfaces from which 
a parallel orientation of the alkylsilane chain, and hence 
cyclical bonding of the amine. is implied. Anderson et al. (38) 
observed a doublet N Is ESCA band on a polymeric PrNH, 
silane coating on silicon and attributed the higher binding 
energy nitrogen to ammonium sites caused by presence of 
silanol functions The reqults in Table I and the postulated 
Structures VI and VI1 are consistent with this background, 
and demonstrate methodology for a more quantitative de- 
scription of hydrogen bonding on alkylamine-silanized surfaces 
than h m  been previously accomplished. 

Depending on steric and solvation effects, the stability of 
hydrogen bonded Structures VI and VI1 may vary throughout 
the surface population. In an amidization assay for active 
amine therefore, the unhonded “normal” amine ([N/WH] 
form) population may be augmented by reaction of some more 
weaklv bonded Structures VI and VII, in which case the active 
amine assay is not absolute but becomeq an apparent and 
variable quantity which depends on the amidization reagent 
and the reaction conditions. There is some indication that  
this mav be a considerable effect For instance, assay results 
using the 4-nitrobenzoyl, 3,5-dinitrobenzoyl, and 4-flUOrO- 



benzoyl chlorides on SnOz/en surfaces vary widely (Exper- 
iments 1-7, 8, 9). The active amine assayed by 3,5-dinitro- 
benzoyl chloride on Ru02/PrNH2 and SnO,/PrNH, is nor- 
mally low (Experiments 4-6, ll), but one experiment using 
anhydrous post-silanization and DCC coupling conditions gave 
a high % active amine assay (Experiment 1-10). Results on 
RuOz/en surfaces (Experiment 1-12) indicate a generally 
higher % active primary amine but are scattered since a range 
of 3,5-dinitrobenzoyl chloride reaction conditions was em- 
ployed. Results on Pt /PtO/en are probably erroneously low 
due to interference from adsorbed amine impurity on this 
particular oxide. Finally, because of interference from direct 
adsorption of metal ions by the SnO, oxide ( I ) ,  we are unable 
to quantitate Sn02/en  reactivity toward metal ion coordi- 
nation. Whether metal ions are effective in disrupting 
Structures VI and VI1 to form m-chelates, on these oxides 
or on silica ( I3 ) ,  is a question specifically unanswered by the 
present data. 

The amidization results generally substantiate the acid-base 
assay in terms of an unreactive amine population. The 
hydrogen bonded amines of Structures VI and VI1 represent 
the nonprotonatable [N] and nondeprotonatable [NH] forms, 
respectively, which should exhibit a binding energy difference 
similar to that between free base and protonated amine. The 
acid-base results for active amine are lower than those ob- 
tained by amidization so the acid-base conditions used are 
either less reactive a t  opening Structures VI and VI1 or do 
so less permanently (e.g., transfer effects). 

Thus. hinding of alkvlamine-silane to Sn0,  and RuOz is 
theught to involve cyclical hydrogen-bonded structures whoqe 
specific reactivity depends both on silane and the assaying 
reagent. A larger fraction of amine can be induced to  undergo 
amidization on en silane since its terminal primary amine site 
is less subject to hydrogen-bonding. For this reason the en 
silane is preferred over PrNH, silane when high coverages of 
immohili~ed redox couples are sought on chemically modified 
electrodes ( 2 , 3 ) .  Also, in the absence of assays such as above, 
it is risky to assume that  reactivity of a surface immobilized 
chemical functionality is quantitatively the same as its solution 
counterpart. Perturbing interactions not present in the 
solution environment can disturb a quantitative parallel. 

Alkylamine-Silanized Glassy Carbon: Acid-Base 
Behavior and Unsuccessful Amidization. Reaction of 
glassy carbon electrodes with PrNH, and en silanes in warm 
dry benzene for ca. 1 h yields surfaces exhibiting N 1s and 
Si 2p bands more intense than typical background. These 
surfaces are stable to a variety of organic solvents and, 
provided they are first thermally cured, to hot water and dilute 
aqueous acid and base. However, contrary to our previous 
expectations ( 4 ) ,  neither alkylamine-silanized carbon yields 
evidence of surface amidization using a variety of reagents 
a t  room temperature, including 4-nitrobenzoyl, 4-flUOrO- 
benzoyl, and 3-bromopropionyl chlorides and l,l '-ferro- 
cenedicarboxylic acid (DCC procedure). The tag element 
ESCA band in each attempted amidization was not signifi- 
cantly different from a control (not silanized) electrode. Some 
loss of amine band intensity was usually noted after reaction. 
More forcing reaction conditions, e.g., base catalysis or elevated 
temperatures, resulted in cleavage of silane from the surface. 
Dithiocarbamate and Schiff base formations were also at- 
tempted without wccess Alkylamine-silanized glassy carbon 
does not seem to provide useful coupling chemistry for the 
preparation of chemically modified carbon electrodes, a t  least 
no+ under monolayer coverage conditions. A different 
chemical approach is more successful (39). 

Alkylamine-silanized qlassy carbon does exhibit a pro- 
tonated/free base aminp N 1s doublet (4)  similar to that 
nbserved on the metal oxide electrodes. Figure 5 illustrates 
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Figure 5 Patio of protonated and free base (INHIIN) N I s  intensities 
on glassy carbonlen electrodes as a function of pH of aqueous buffer 
to which the surface was exposed Inset shows resolving of two N 
1s components Different sample used for each pH point 

resolution of this doublet. C/en surfaces were exposed to a 
series of buffer solutions, the surfaces blown dry with an air 
jet, and the I h H / I N  intensity ratio measured. niscontinuities 
in I"/IIU occur (Figure 5 )  near the pK values (6.85 and 9.93) 
(40) of free ethylenediamine. The discontinuities appeared 
each of several times this experiment was repeated but varied 
as much as one pK unit. C/PrNH2 surfaces. in contrast, 
exhibited no change in the IKH/IN ratio (0.75) over a similar 
pH range. These results are difficult to interpret cleanly, but 
cnllld bc m + : ~ q n l i 7 e r i  ir. terms of 3 stab!? mrav nf surfnce 
strwtures cyclii~d at the ?-amine site as in Structures VI and 
VII. The terminal amine of Structure VI in C/en would be 
more basic than that  for Structure VI1 for the same reason 
that ordinary ethylenediamine exhibits two different pK 
values Thus the titration of Figure 5 would correspond to 
neutrali7atinn of Structures VI and VII. Validity of this 
tentative model aside, the interesting aspect of Figure 5 is a 
suggestion that quantitative information on surface acid-base 
properties may be obtainable using a very primitive solu- 
tion-to-vaculm transfer The hehavior of the hiiffer solution 
as a thin film of it dries on the surface during the transfer may 
be crucial. 

The acid-base behavior of the C/en surface is difficult to 
reconcile with the lack of success in amidizing the apparent 
surface amine. It may be that the loss of N 1s intensity upon 
attempted amidization is associated with cleavage of the active 
amine form of the en silane from the surface under the re- 
action conditions. In view of this complication, further ex- 
periments like that in Figure 5 will focus on different sub- 
strates than carbon 

Analysis of N/Si  Surface Atom Ratios. The structural 
integrity of alkylaminesilanes immobilized on the metal oxide 
surface is measurable using N/Si ESCA band intensities 
(area). Tahle I1 gives data Comparing surfaces prepared by 
reaction with en silane, I N / I s ,  data differ between the various 
metal oxides. The I N / I s ,  ratios tend to be low on SnO,/en 
siirfaces, qnd to depend there on silanization reaction con- 
ditions lz /I , ,  values on S n 0 2 / m  surfaces prepared under 
the mildest conditions (Experiment 11-2,lO s) are comparable 
to Ih / IS l  data on RuOz/en and TiO,/en surfaces prepared 
usine Method C (Experiments 11-7. 8, 10). Sn021en surfaces 
prepwed i l d e r  t h e  most forcing silanization conditions 
(Method A, Experiment 11-11 exhibit the lowest I N / I S ]  ratios. 
P t /P tO / p n  surfaces Pxhibit high I N / I s ,  ratios 

Thr auality of the l , /I$,  data is of course inflnenced hy 
background N 1s and Si 2p bands. Unreacted samples of RuOz 
and TiO, are typicallv free from significant N Is or Si 2p 
blanks Oa SnOo. hnwever. a Si 2p hackground appears at 
the s P T e  S F 3 c  thp silane band, with erraticnllv varying 
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Table 11. 
Alkylamine-Silanized Electrodes 

N/Si Surface Atom Ratio from ESCA Band Intensities 

Silane Nisi/ 
Expt Electrode I N  /Isla Calcd N/Sib Nisi in silaneC Calcd Nisi 
11-1 SnO, /end 1.09 + 0.38 (8) 0.60 
11-2 SnO, /ene 

11- 3 
11-4 
11- 5 
11-6 
11-7 
11-8 
11-9 
11-10 
11-11 
11-12 

(10 S )  
(20 s) 
(1 min) 
( 3  min) 
(6  min) 
SnO, /enf 
SnO, /eng 
RuO, /PrNH, h 
RuO,/PrNH,' 
RuO, lenh 
RuO, /en' 
RUO, /triam'& 
TiO, /enh 
Pt/PtO /enh 
PtjPtOlen' 

2.95 
2.42 
2.64 
1.29 
1.33 
3.34 
1.93 
1.46 i 0.10 (4) 
1.76 t 0.09 (4) 
2.52 i 0.36 (2 )  
2.86 
5.77 
3.42 i 0.38 (3 )  
7.0 t 1.0 (6)  
2.70 i 0.22 (2)i 

1.62 
1.33 
1.45 
0.71 
0.73 
0.74 
1.06 
0.80 
0.97 
1.38 
1.57 
3.17 
1.88 
4.02 
1.55 

2 

2 
2 
2 
2 
2 
2 
2 
1 
1 
2 
2 
3 
2 
2 
2 

3.33 

1.23 
1.50 
1.38 
2.82 
2.74 
2.70 
1.89 
1.26 
1.03 
1 .45  
1.27 
0.95 
1.06 
0.50 
1.29 

Standard Materials 
Expt Sample IN IISi Calcd N/Sib Actual N/Si Actual/calcd 
11-13 Si, N, 1 .74 i 0.16 (3 )  0.96 
11-14 PrNH, silane 

11- 1 5  en silane 

11-16 triam silane 

polymerk 1.85 1.02 

polymer' 2.78 1.53 

polymer' 4.55 2.50 

1.33 

0.91' 

1.54' 

3.05l 

1.39 

0.89 

1.01 

1.22 
a Band area ratios of N 1s a t  401.5 ?: 400 eV t o  Si 2p at 102  eV, except for Expts 11-11, 12, which used Si 2s a t  160  eV to  

Band area ratio converted to  atom rztio using sensitivity avoid interference with a Pt band. 
factor of Nisi of 1.82 to  N ls/Si 2p and 1.74 for N ls/Si 2s. Stoichiometric atom ratio in the indicated pure 
silane. Electrodes prepared using silanization Method A. e Silanization Method D ;  data from Figure 1. Silanization 
Method D. Silanization Method D followed by amidization with 4-(NO2)PhCOC1. Silanization Method C. ' Silaniza- 
tion Method C followed by amidization with 3 5-(NO, ),PhCOOH (DCC). I Band area ratio of N 1s a t  406 eV to Si 2s at 
160 eV and assumption of 50% active amine. ' Polymer samples prepared from silane by hydrolysis with water, drying, 
grinding to  powder. 

Number of specimens in ( ). 
See text. 

Polymer sample analysis by Galbraith Laboratories. ____ 

intensities (entirely absent on occasional samples and 
amounting to  50% of the band on a silanized S n 0 2  surface 
in other instances). A background correction was not at- 
tempted because of this inconsistent behavior, and the 
SnOz/en ZN/Is, are thus known to be low. It is not clear, 
however, that the Si background problem can account for the 
systematic variation of SnOz/en surfaces with silanization 
reaction conditions. Relative to Ru02/en and Ti02/en, then, 
except for the mild silanization reaction condition, the 
SnOz/en surfaces appear qualitatively Si-rich (or N-poor). On 
P t /P tO  surfaces, no difficulties exist with Si blanks as long 
as silicon-containing polishing materials are avoided in the 
Pt electrode resurfacing which follows each experiment. N 
1s background bands are seen at ca. 400 eV from time to time 
but are not typically large enough to cause as high a IN/Zsi 
as observed on Pt/PtO/en surfaces (Experiment 11-11), which 
seem to  be N-rich. 

Conversion of IN/Zsi data to N/Si atom ratios involves a 
relative ESCA elemental sensitivity factor 

where u is photoionization cross-section for the N 1s and Si 
2p(1/2+3,2) levels, X are the escape depths for photoelectrons 
from these levels, 4 is the angular correlation factor for 
photoelectrons at the photon beam-sample-spectrometer 
acceptance angle, T is spectrometer efficiency for electrons 
of the given kinetic energies, C is an attenuation factor for 
adsorbed contaminant hydrocarbon layer on the sample, and 
D is atom density. Using computed and tabularized (30) 

cross-sections ox/ ' T S , ( ~ ~ )  = 2.06; &/&I(zp) is calculable (41) 
(equals 1.107 for our spectrometer's 67' angle); and Xx/Xsl 
is estimable from the XQ(KE)O~~ relationship which a t  K E  1 
300 eV is a good approximation (42)  to a more exact fcr- 
mulation (43) (equals 0.80 for N l s /S i  2p). The term in 
brackets in Equation 1 is thus 1.82 for N ls/Si 2p. The 
dispersion of our spectrometer's efficiency with kinetic energy, 
if any, is not documented. I t  employs a voltage rttarding 
feature which a t  the extreme could yield a relation ( 4 4 )  
Tcu(KE)-l, which would correspond to Th./Tsl = 1.35. At- 
tenuation by the contaminant is also an uncertain factor; if 
the film is assumed to  be ca. 20 A hydrocarbon, which is 
probably generous, a very rough calculation gives CN/CS~ - 
0.8 (attenuation is larger for the lower K E  N Is photoelec- 
trons). The last two factors tend to cancel one another, and 
if we then assume TNCN/T~,Csl -1.0, the theoretical estimate 
for the N ls/Si 2p sensitivity ratio is 1.82. 

The N ls/Si 2p sensitivity ratio was also evaluated with 
chemical standards. Several materials (not sputtered) are 
compared to the theoretical value in Table 11. Prepared, 
analyzed (bulk) alkylamine siloxane polymers agree reasonably 
well with the theoretical value. Data for Si3N4 agree less well. 
Previous (45 ,46)  sputter profiles of Si3N4, however, suggest 
that  its unsputtered surfaces tend to  be N-poor. Other 
available standards work likewise notes a problem with Si data 
(42) .  The 1.82 factor was adopted for conversion of Zx/ZsI in 
Table I1 to  N/Si atom ratios, but the reader will note that 
use of a 1.31 factor from the Si3N4 sample would not alter 
essential features of the following discussion. 

Examining RuOz electrodes first, the calculated N/Si atom 
ratios on electrodes silanized with PrNHz, en, and trium 
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Flgure 6. 0 1s spectra on various metal oxides. Curve A: RuO,; Curve 
B: Ru0,len; Curve C: RuO,IPrNH,; Curve D: SnO,; Curve E: 
SnOp/PrNH,; Curve F: TiO,; Curve G: TiO,/en 

silanes are in reasonable agreement with the ideal molecular 
ratios. The result for TiOz/en is similar. Structural deg- 
radation of the alkylamine-silane does not appear to occur 
upon binding to these surfaces. 

The N/Si atom ratio results for SnOz/en surfaces, known 
to involve error from the Si background problem, suggest a 
nonideal N/Si surface stoichiometry, particularly for surfaces 
prepared under the more vigorous reaction conditions. Two 
explanations for silicon-richness on a silanized metal oxide 
surface can be offered. First, it is possible that the silane 
reagents contain deaminated trialkoxyalkylsilanes or these 
are produced by decomposition pathways in the reacting 
solution. Secondly, the silane reagent may penetrate the 
outermost, hydrated one or two atomic layers of the SnOz 
lattice, nucleophilic attack by -SnOH on the alkylamine 
sidechain then occurring to expel that  group with its amine 
nitrogen. The silicon would reside as silicate sites interspersed 
in the surface SnOz lattice, as below 

R3, /T RG, 7 RO, 7 
 si \ c ,Si ‘@ / S i b  

- - + & + - . + + - + - -  
;n\c, s”\ o/s’\ @/S\ /n,, /”” 

‘Si/ 
/ \  

‘JIII 

Both explanations for Si-richness are speculations. 
The N/Si atom ratio on Pt/PtO/en shows that this surface 

is N-rich. The P t j P t O  surface differs from the other elec- 
trodes in that the oxide layer is an approximate monolayer 
rather than a bulk oxide (3) .  This oxide, or patches of exposed 
Pto, may chemisorb amine components from decomposed 
alkylaminesilane in the reacting solution. If so, the amine + 
amide N Is band of Table I is enhanced on Pt /P tO and the 
active amine assay of Table I (Experiments 1-14,15) is thereby 
low. Electrochemical experience with the Pt /PtO/en surface 
suggests fairly high coverages in amidization reactions (3), and 
the portion of immobilized alkylaminesilane which reacts as 
active amine may be higher than that represented in Table 
I by 2x or more. If, for instance, we assume the reactivity 
of en silane on Pt /P tO/en  is like that on SnOz/en surfaces 
(e.g., 50% active amine), and then employ I N / I s ~  data taken 
using the 406 eV nitro band on a silanized, amidized electrode 
(Experiment 11-12), an atom ratio more in line with the results 
on RuOz/en and TiOz/en surfaces results. A better-sub- 
stantiated quantitative picture of the alkylamine-silane 
stoichiometry on Pt /PtO/en surfaces than this is obviously 

~~ 

Table 111. 0 1s Binding Energies 
0 Is B.E., eVa 

Sample Lattice Source 
SnO, sh 530.8 This work 

532 (%h) 530.5 (7 )  
531.7 530.1 ( 4 7 )  

SnO,/PrNH, 531.8 sh This work 
SnO, /en - 531.5 530.8 This work 

RuO, - 532 529.6 This work 

RuO,/PrNH, 532.1 * 0.2 529.7 ?: 0.2 This work 

Ti0 sh 530.0 This work 
TiO, /en 532.0 i: 0.3 529.8 f 0.3 This work 
Porous silica 532.8 This work 
Glass 532.5 This work 

Glass 531.2, 529.4d (56) 

SnO, /PrNH, 532 530.5 (sh) (7)  

RuO, 530.5 (sh)‘ 529.4 (48 1 

(or en) 

Glass fibers 532.4 (55) 

NiO 531.2b 529.4 (50 )  
CUO 531.6b 529.1 (51 )  

a B.E. in this work referenced to C 1 s  (285 eV); B.E. by 
others referenced variously to Au, Ag, C Is ,  and exact cor- 
respondence B.E. cannot be expected. Interpreted var- 
iously as chemisorbed oxygen species or surface hydroxyl. 

Hydrated sample; pure prepared sample has 531.5 band 
interpreted as RuO, defect. Interpreted as “non-bridg- 
ing oxygen”. 

desirable but will require further experiments. 
Effect of Silanization on 0 1s Spectra of Metal Oxides. 

Each of the three bulk metal oxide electrodes exhibits a 
dominant 0 Is band which is presumably the lattice -MOM- 
oxygen, and also a higher B.E. 0 Is band which is poorly 
resolved from the main band for SnOz (Figure 6, Curve D) 
but distinct for RuOz and TiOz (Curves A, F). The SnOa 
shoulder has been observed by others (7 ,  47) ,  and similar 
shoulders are common observations (48-54) on other metal 
oxides especially upon exposure to air and moisture. A 
collection of metal oxide 0 Is data is given in Table 111. The 
higher B.E. shoulder is usually interpreted as surface hydroxyl 
(7,47,5&54) although evidence for a different metal oxidation 
state was presented for RuOz (48). 

Reaction of the metal oxide electrodes with an organosilane 
produces a much more prominent higher B.E. 0 Is band 
(Curves B, C, E, G, Figure 6). The B.E. of this band is ap- 
proximately the same for PrNH, and en-silanized surfaces, 
and on RuOz and TiOz, where accurate B.E. measurements 
were feasible. The intensity of the higher B.E. band roughly 
correlates with the intensity of the N Is band of the alkyl- 
amine-silane and thus it is related to  coverage achieved in 
the silanization reaction. I t  is particularly intense on samples 
bearing siloxane polymer. The lattice 0 1s  band exhibits no 
change in B.E. upon silanization but is lowered in intensity 
presumably because of photoelectron scattering by the ov- 
erlying silane. 

The higher B.E. 0 Is band which appears upon silanization 
can be interpreted as -MOSi- oxygen, (although contributions 
from -SiOH, -%OR, or adsorbed water are also possibilities). 
The lattice 0 Is band for -SiOSi- bound oxygen (as in silica) 
lies a t  higher B.E. (by 2-3 eV, see data in Table 111) than the 
typical lattice oxygen in the more ionic metal oxides. The 
band on silanized metal oxide has an intermediate B.E.; 
compare 530.0 eV for TiOz lattice 0 1s and 532.5 eV for glass 
(our data) with the observed 532.0 eV on TiOz/en. This would 
qualitatively be expected for -MOSi- oxygen. The -MOSi- 
band overlies or supplants by reaction the surface hydroxyl 
present on the metal oxide before silanization. In the case 
of SnOz, care must be taken to avoid specimens with surface 
Si contaminant when examining the effects of silanization. 
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Flgure 7. 1 5 eV Ar+ sputter profile for SnO, (Specimen I, -0-, and 
specimen 11, -0-) and SnO,/en Method D, Specimen 111, -A-) electrodes 
for 0 Is, Sn 3d5,*, and F 1s Sputter profiles are on arbitrary intensity 
scales different for each element; band intensity ratios in inset are actual 
band areas 

The 0 Is spectral region has potential qualitative usefulness 
in study of silanization reactions. We regard quantitative 
interpretations of intensities as tenuous because of the metal 
hydroxyl feature and the presence of surface water, adqorptinn 
of which is conceivably enhanced by the presence of the silane. 

SnOz Dopant Concentration and Depth Profile. SnOz, 
an n-type semiconductor in pure form, is useful as a non- 
rectifying working electrode at  positive potentials only when 
doped with high levels of appropriate carriers. The SnO, 
electrodes employed here are fluoride doped; a F 1s band can 
be detected for this at  R.E 687 eV. The dopant concentration 
and depth profile are of interest. Figure 7 shows Ar+ sputter 
profiles for two native Sn02 and one silanized SnOz electrodes. 
The variation of IF with sputter time indicates that  the 
outermost 10-20 A of the Sn02 electrode is depleted in dopant 
The degree of depletion varies with the electrode as does the 
interior level of dopant. There is no obvious dependence on 
the electrode having been subjected to silanization. Applying 
Equation 1 in the same manner as for N/Si, a relative sen- 
sitivity factor of 0.26 is used to convert the IFITs ,  hand area 
ratios (Figure inset) for Specimen I1 a t  zero sputtering time 
(surface) and 10-min sputtering time (interior) to F/Sn atom 
ratios of 0.034 and 0.056, respectively. These are apprnximate 
values since IF for Specimen I, for instance, was twice as large. 
and also the relative sensitivity factor was not compared to 
standards. Using 6.95 g.cm3 for SnOz density, carrier pop- 
ulations of 9.4 X lom and 1.6 x IOz1 atoms/cm3 are calculated 
for the SnOz surface and bulk, respectively. The surface 
carrier population is sufficiently high that adverse electro- 
chemical properties are not expected from the depletion effect, 
and importantly the depletion effect is not enhanced hy the 
silanization reaction. 

The dopant depletion for S n 0 2  is in contrast to Sn-doped 
In203, which according to Kuwana exhihits a higher Sn/In 
ratio a t  the surface of this electrode material than in its bulk 
(5 7). 

Figure 7 also shows a variation of Io / l s ,  (band areas) with 
Ar+ sputtering similar to a previous measurement (57). The 
F dopant depletion falls within the region of enhanced lo/Is,, 
which we interpret as a layer of partially hydrated Sn02 lattice, 
for the following reasons. Using a relative O/Sn sensitivity 
factor 0.20 derived from Equation 1, the calculated O/Sn atom 
ratio for SnOz electrodes varies typically from 2.4 prior to 
sputtering to  about 1.4 after sputtering attains a constant 
Io/IS, (One sample gave an initial O/Sn ratio of 3.5, but the 
same final value.) These calculations, by themselves, suggest 
that  while the outermost surface is hydrated, the Ar+ beam 
sputtering induces a chemical change in the SnOz to a lower 

Total Sputter Time ( M  n )  

oxide form and so the actual depth of lattice hydration is less 
than the profile of Figure 7 implies Th,. possibility of re- 
duction during sputtering of SnOz powder has been advanced 
(47).  In an alternate interpretation, using an emperical relative 
O/Sn sensitivity factor 0.11 (FiR) with Figlire 7 yields O/Sn 
atom ratios typically 4.3 before sputtering and 2.5 after. This 
calculation quggests even more extensive surface hydration 
and little or no Ar+ redriction effect A spiittering experiment 
with 400 eV Art was stated elsewhere not to cause reduction 
of SnO2 (59). Lastly, we have observed an example of metal 
ion chemisorption (60) to the same depths as the l o / Z s ,  
variation. The evidence supports our interpretation of Figure 
7 in terms of a hydration deeper than the outermost SnOz 
lattice plane. 

DISCUSSION 
For the most part, the above results show that the alkyl- 

amine-silanized surfaces exhibit expected and understandable 
properties, and the hope of chemical amine-like predictability 
of the modified metal oxide electrode surface is qualitatively 
realized. The alkylamine-silanized interface cannot, on the 
other hand, be considered as solely an amine-like surface; its 
chemistry is more complex than this. This is not surprising 
for a surface synthesized under conditions far from the at- 
omically clean single crvstal domain Siich chemical com- 
plexitv will probably be common for other forms of electrode 
surface modification upon examination on a comparable level 
of detail. 

The motivation for our study of the alkylamine-silanized 
interface is in its use as a connecting bridge for immobilization 
of redox reagents on electrode surfaces. We should consider 
how the present results relate to that  application. The al- 
kylamine-silane chain is not itself a good electron transport 
bridge between immobilized redox reagent and electrode. The 
length of a bonded en silane from metal to primary amine 
nitrogen is -12 in extended form and -9 A in the hydrogen 
bonded Structure VII. Unless the activation barrier for 
electron transfer over such distance proves to be modest, 
flexible motions of the alkylaminesilane chain will play a role 
in the electron transfer process. The premise of the so-called 
“floppy model” (2 ,24)  is that such flexibility will exist in these 
modified surfaces. At least three factors are involved, the 
frequency of the motion, which will influence the pre-ex- 
ponential kinetic factor (maximum value kT/h  - 1013 s-l) (61, 
62). and the distance and geometry of redox reagent approach 
to  metal oxide, which will influence AG*. Motions of the 
alkylamine-silane chain will be affected by Structures 1-111, 
V, VI, and VII. Overall stability of the modified surface is 
enhanced by multiple -MOSi- bonds, and by cross-linking 
as in Structure V, but motional freedom of the amine site 
diminishes in the order of Structures I > I1 > 111. We 
conjectured that I and I1 are more likely, but no quantitative 
analysis of this bonding problem is available. Structures VI 
and VTJ provide a shorter connecting bridge but also tend to 
restrain the approach distance. It would appear from the 
amidimtion data that the hydrogen-bonded structures may 
be prpvalent in alkylamine-silanes with y-amine sites. For 
purposes of modeling of electron-transfer events, then, 
comhinations of Structures 1 and I1 with VI and VI1 prohahly 
present a good estimate of the average surface stereochemistry. 
A considerable complication in such modeling, however, is the 
possibility that very rapid electron transfer is to but a small 
population of sites possessing optimum alkylamine-silane 
chain flexibility. Subsequent lateral propagation of electron 
transfer to other more motionally restricted sites then might 
actually be the controlling mechanism. Quantitative modeling 
is tenuous until such eventualities are evaluated. 

Our interpretation of the ESCA results indicates that  a 
variety of surface structures may exist within a single specimen 
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of alkylamine-silanized metal oxide electrode. We can draw 
from this the intimation that a redox reagent bound to the 
alkylamine-silane may find itself in a spectrum of slightly 
different chemical environments. The redox reagent may as 
a consequence exhibit a spectrum of formal electrochemical 
potentials, which in turn has the effect of broadening the 
electrochemical surface wave observed fur the reagent. To 
what extent broadening we have observed in surface waves 
on alkylamine-silanized electrodes is due to this chemical 
heterogeneity as opposed to interactive effects within the 
chemically bound layer (62) or to both, remains tu  be resulved. 
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Tripolyphosp hates by 
Phosphorus-3 1 Fourier Transform Nuclear Magnetic 
Resonance Spectrometry 
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Commercial sodium tripolyphosphate samples were analyzed 
by phosphorus-31 Fourier transform nuclear magnetic reso- 
nance spectrometry. The accuracy and precision of the 
method were assessed and found to be satisfactory. Iden- 
tification of phosphorus-containing species was possible. I n  
some cases, the presence of high polyphosphates interfered 
with the analysis. 

The Fourier transform (FT) approach ( I )  has added new 

dimensions to 31P NMR spectrometry. The time savings and 
sensitivity enhancement inherent in the FT approach have 
been realized in practice, and analytical applications are 
becoming increasingly apparent (2). Detection of organo- 
phosphorus compounds a t  the level of the parts-per-million 
range has been reported (3). This paper describes the use of 
31P FT NMR spectrometry to analyze commercial samples 
of sodium tripolyphosphate (4 ,5) ,  including the determination 
of accuracy and precision. The advantages of this approach 
over other analytical procedures, such as gel chromatography 
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