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The gas-phase reaction of (3-aminopropyl)dimethylethoxysilane
(APDMES) with silica with and without amine catalysts has been
studied using infrared spectroscopy. Evidence is provided that
shows that the aminosilane initially adsorbs via hydrogen bonding
of both ethoxy and aminopropyl moieties of the silane with the sur-
face hydroxyl groups. As the reaction proceeds, the number of silane
molecules attached to the surface via a Si-O-Si linkage increases
primarily at the expense of the number of H-bonded ethoxy groups.
The conversion is due to a catalytic process involving the amino-
propyl end of gaseous APDMES molecules. On the other hand, the
H-bonded aminopropy! groups are less reactive and only a small
portion of these groups participates in Si-O-Si bond formation. At
the end of the reaction there remain about 50% of the adsorbed
APDMES attached by the H-bonded aminopropyl group. Attempts
to block the adsorption of the aminopropyl end through the use
of the more strongly H-bonded triethylamine proved unsuccessful.
The use of preadsorbed triethylamine or 1: 10 mixtures of triethyl-
amine/APDMES accelerates the reaction but in the end leads to the
same final distribution of products onthe surface. © 2000 Academic Press

Key Words: silica; aminopropylalkoxysilanes; infrared spectro-

scopy.

INTRODUCTION

a lack of reproducibility in film quality arises from an acute
sensitivity to reaction conditions. Different deposition condi-
tions such as reaction temperature, nature of the aminosila
(mono-, di-, or trialkoxy), silane concentration, incubation time
role of solvent, role of catalysts, postcuring, and, in particu
lar, the amount of adsorbed water all affect the final structur
of the adsorbed aminosilane layer. As a result, the adsorptic
of aminosilanes on silica conducted under different reactior
conditions has been the subject of numerous infrared (1-1¢
NMR (19-25), XPS (26—29), and Raman (30, 31) spectroscop
studies.

There is an inherent variability common to all non-aqueous
based silanization processes because water is needed in
reaction. Silane adsorption does not occur in the absence
water. However, the presence of water also leads to depo
tion of polymerized products and the lack of reproducibility
arises from a competition between formation of chemisorbe
and polymerized products. The sensitivity to water is enhance
for aminopropylalkoxysilanes because the aminopropyl grou
self-catalyzes the formation of both chemisorbed and polyme
ized products (2). Further complications arise because the ami
functionalities compete with the alkoxy moieties for surface site
(22). The adsorbed amine groups are H-bonded or protonat
and the relative amounts depend on the amount of water prese

Among the silanating agents, aminopropylethoxysilanes dewen in the absence of water, a modified surface as depicted
of special interest owing to their bifunctional nature. In the ideacheme 1 is not expected. Given this acute sensitivity to reacti
ized scheme, the ethoxy moiety reacts with the surface hydroxginditions, a more realistic picture of the possible structures ¢
groups to form a surface Si—-O-Si bond whereas the amino fuitite surface is shownin Scheme 2 (22, 29). Clearly this variabilit

tionality extends from the surface. The modified surface is often
depicted by a uniform structured surface as shown in Scheme 1.
The aminopropylsilane behaves as a “primer” molecule provid-
ing an anchorto the surface and a linkage point for the attachment
of other moleculestothe surface. The unique properties imparted
by the amine group along with its capability for reaction with
other functionalities have been the source of its popularity as a
silanating agent.

While there is much debate on the nature of the adsorbed
species, there is a general consensus that the idealized reaction
depicted in Scheme 1 is a gross oversimplification of the mod-
ified surface. As with all organochloro- or organoalkoxysilanes
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in the number and type of adsorbed species is not desirable, g®isible to use an external amine to increase the number of fi
willtranslate to variability in subsequent attachment chemistrieminopropyl groups extending from the surface (28). In essenc
In this paper we have investigated a possible reaction scheameamine such as triethylamine is preadsorbed on the silica s
that eliminates polymerization of the aminopropylsilane and al§ace or added with the aminopropylsilane in a 1: 1 mixture (Se
reduces the number of silane molecules adsorbed via the amiBoheme 3). The adsorption of triethylamine serves two purpos
propyl functionality. The first step, elimination of polymerizaFirst, it is a stronger base than propylamine and therefore cou
tion, requires a means of excluding trace quantities of wateotentially block the adsorption of the aminopropyl function-
Removal of water is best accomplished with a gas-phase reality of the silane. Second, the preadsorbed TEA catalyzes t
tion. It is difficult to eliminate the adsorption of trace quantitieseaction of the ethoxy ends of the silane to the surface.
of water from nonagueous solvents (32) whereas adsorbed wan our work, the monoalkoxysilane, NKCH,)3Si(CHs),
ter is easily removed from fumed silica by gas-phase evacuati®CH; (APDMES), is used instead of its more common tri-
at room temperature (33). The use of a gas-phase process atboxysilane counterpart, NKCH,)3;Si(OCH)3 (APTES), for
allows for much higher reaction temperatures than can be tekveral reasons. First, APDMES has sufficient vapor presst
erated in solution reactions. This is important because watefas gas-phase adsorption studies. Adsorption of APTES wou
not needed at high reaction temperatures. A direct reactionrefjuire elevated temperatures (38, 39) or the reaction would he
gaseous alkoxy- or chlorosilanes with surface hydroxyl groupsbe carried outin solution. Second, we use APDMES instead
on silica occurs at 30 (34, 35). APTES because both di- and trialkoxysilanes displace adsorb
An elevated reaction temperature may not be required in ttreethylamine (TEA) from the silica surface (36). Both di- and
reaction of aminopropylsilanes with silica. The gas-phase readalkoxysilane form stronger H-bonds with the silanols becaus
tion should occur at room temperature owing to the autocathey adsorb through two and three alkoxy groups per molecul
lytic behavior of the aminopropyl functionality. It is known thatin contrast, the monoalkoxysilane does not form a strong
amines form a strong H-bond with the surface hydroxyl group$-bond with the silanols than TEA and is displaced only whe
and these sites then react with an incoming alkoxysilane to fothre silane reacts to from a covalently attached species. Therefc
a surface Si—O-Si bond (36, 37). As a consequence, it mayitis likely that the monoethoxy-based APDMES would displac
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the adsorbed TEA only when a surface Si-O-Si covalent bond TABLE 1
is formed, thus giving rise to a modified surface more akin to Infrared Bands and Assignments
the picture described in Scheme 1 (28, 40). _
Assignments Bands (cm) Comment
EXPERIMENTAL Negative bands
SisO—H str. 3747 Silica: OH str. mode
The fumed silica (Aerosil A380, surface area (BE)Nf SikO-H st 973 S”'fcgf g:o str. mode
-1 of Sig

375 ntg1) from DeGussa AG was evacuated at 2DCfor Si. O-H bend. 840,760  Silica: OH bend. mode

30 min followed by cooling to room temperature. This pretreat-

. L. . Positive bands
ment removes the H-bonded silanols leaving isolated sHanoIsgsrb_H_ )

-NHz asymm. str. 3370 N-H asymm. str. of H-bonded

the surface (33). NH, GROUP

Detailed procedures of the thin-film experiments amditu CHs
gas cell are given elsewhere (34). Infrared spectra were collecgad-H- - - g 3350 OH str. mode of H-bonded
on a Bomem Michelson 102 FTIR equipped with a Csl beam Si SisOH group to alkoxy group
splitter and a DTGS detector. Typically, 100 scans were coadded str. 3346 Free amine
at 4 cnt! resolution. Each scan required approximately 6 §isO-H:--NHz symm. 3305 N—H symm. str. of H-bonded
Spectra are reported as difference spectra and, as such, positi#é (H-bond) Nk group

str. 2979
H- - - NH; (H-bond) 2750 O-H str. mode of SIH
H-bonded group to Nkigroup

bands are due to species formed on the surface and nega@%ﬁ
bands refer to bonds removed from the surface. °

The time evolution of adsorbed aminosilanes required N, bend. 1622 Free Niigroup
shorter acquisition time (ca. 10 s) than the 600 s needed to 6ROH - -- NH; bend. 1596 N-H bend of NiH-bonded
tain 100 scans onthe Bomem 102 FTIR. These experiments we_reCH% cend 1265 to SkOH group
performed on a Bomem 1558_ F_TIR e:quped w_|th a wlde—ba (IJ:O_C asymm. str. 1118 Alkoxy gas phase
MCT def[ector.' Spectra of'suﬁ‘lcl:lent signal-to-noise ratios could 5 _c symm. str. 1087 Alkoxy gas phase
be acquired within 10 s with this spectrometer. The trade-off #.—o-si str. 1080 Chemisorbed silane
using this spectrometer is that it has a lower wavenumber cut8&-OH- - - NH; (tentative) ~ 1000/996  Si—O str. of SiOH group
of 500 cntl. H-bonded to NH group

945 OH bending mode of SiOH

: : : is=—O—H- - - NH» bend
The ethoxydimethylsilane and amines were purchased froth H-bonded to NH group

Aldrich and the APDMES was purchased from United Chemical
Technologies. All reagents were transferred as received to glass

Eg;bz#tss"\:\?a:t;?s:;g dfre;iz;;zgzillwbmelzt?_?ss. The purity of tplebending modes at 840 and 760 thio 945 cnt!. The N-H

9 P y oy ' stretching mode at 3346 cthand bending mode at 1622 ci
for the gaseous molecule shift to 3370 and 1596 Gmespec-
tively. These frequency shifts are consistent with an increase
N—H bond strength and this is expected for H-bonding of the |
atom of the amine with the surface SiOH groups.

The possible interactions of APDMES with the SiOH surface There is one additional band of interest appearing at 996 cm
groups involve H-bonding with the alkoxy or amino group ofhe assignment of this band remains uncertain. One possibili
formation of a covalent Si—O-Si bond. To aid in decipherinig that it is due to a H-bonded Si—O stretching mode of a surfac
between the spectral features expected for each possibility si@anol (40). The Si—OH bond is strengthened with formatiot
have performed separate experimentsinvolving the adsorptiorbf H-bond and this would translate in an upward shift of the
propylamine and ethoxytrimethylsilane on silica. A tabulation dfand at 973 cm. This is consistent with observed spectral
the key bands (those referenced in the text) and their assignmetits obtained when compared to adsorbed TEA. TEA forms
is provided in Table 1. stronger H-bond than propylamine as evidenced by a larger sh

The spectra of gas-phase propylamine and propylamine &nl2660 cnt* (2750 cnt? for propylamine) in the SiO—H stretch-
sorbed on silica are shown in Figs. 1b and 2b, respectively. Ting mode. From spectroscopic arguments, a stronger H-bol
changes to the bands that occur due to surface hydroxyl growasuld produce an upward shift in both the Si—-OH stretching
are similar to those changes observed for H-bonding of TEA emode at 973 cmt and the SiO—H bending modes at 840 anc
silica (40, 41) and are assigned accordingly. Negative bands7B0 cnt?®. This does occur as the Si—-OH stretching mode an
the difference spectra are SiO-H stretching mode (37472%m Si—OH bending mode appear at 1000 and 953'cior TEA ad-
Si—OH stretching mode (973 crh), and SiO—H bending modessorption as compared to 996 and 945¢rfor adsorbed propy-
(840 and 760 cmt) (42). H-bonding with the amine weakens théamine.

O-H bond, resulting in a downward shift of the SiO—H stretching However, a second possibility is that the band at 996cm
mode at 3747 cm' to 2750 cntt and an upward shift of the SiO—is the high-frequency side of a broader positive peak due |

RESULTS AND DISCUSSION

Adsorption of NHCH,CH,CHjz and (CH)3SiOGHs
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FIG.1. Gas-phase spectrum of (a) APDMES, (b) propylamine, and (f)£0O)Si(CH)s.

the shifted H-bonded SiO-H bending mode. The appearance oH-bonding of the surface SiOH with the ethoxy groups i
a separate band at 996 tharises from the superposition ofweaker than H-bonded amines. The gas-phase spectrum
the negative Si—O stretching mode at 973¢énThe 1000 cm?  (CH3)3SiOGHs and that of adsorbed (GhtSiOGHs on sil-

peak maximumwould appear as a shift to higher frequency as tba are shown in Figs. 1c and 2c, respectively. The addition «
H-bonded SiOH bending mode shifts to higher frequency. FEEH3);SIOGHs to silica gives rise to spectral trends similar to
our purposes, we leave this band unassigned and simply statetiase of its methoxy counterpart (35). The H-bond between tt
the appearance of positive features between 1005 and 900 crethoxy group and SiOH shifts the SiO—H stretching mode ¢
is evidence of H-bonded species with the surface SiOH grougd47 cnt?! to 3350 cnt! and this is much less than the shift
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FIG. 2. Addition of excess (a) APDMES, (b) propylamine,
evacuation for 5 min.
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and (c)t50)Si(CHg)3 vapor to a thin silica film at room temperature for 10 min, followed by
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to 2750 cnt! obtained for propylamine. In the low-frequencyl087 cnt?, the OCH; stretching mode at 2979 crhis not struc-
region, the SiO—H bending mode shifts upward to 940tand ture sensitive and appears for both free and H-bonded grou
the strong alkoxy modes for the gaseous molecule at 1118 §B6). The decrease in intensity of the 2979¢rband is proof
1087 cn! disappear and are replaced by a broad and ill-definetithe removal of ethoxy groups and along with the appearan
feature located in the 1200-1000 cthregion. One additional of a band at 1080 cmt (Si—-O-Si) provides direct evidence of
band in the low-frequency region is possible. When chloro- epvalent attachment of APDMES by a self-catalyzed surfac
alkoxysilanes are reacted at elevated temperatures, a banteattion between the ethoxy group and the surface silanols.
1080 cnr! appears and this is assigned to a surface Si-O-iShoted that the 1080 cm band is not obtained when alkoxy-
bond (34, 35). silanes are added to silica under the same reaction conditiol
(35) but this band does appear when amine catalysts are us
(36).
APDMES Added at Room Temperature The picture that emerges (shown in Scheme 4) is that ea
The gas-phase spectrum of APDMES is shown in Fig. LAPDMES molecule is difunctionally adsorbed to two surface hy
The assignments for the key bands (5, 9) are listed in Tabledtoxyl groups. Supporting proof is provided by a comparison c
Figure 2a is the difference spectrum obtained after addition thie relative band intensities of adsorbed APDMES to the relativ
excess APDMES to silica at room temperature for 10 min foband intensities for adsorbed propylamine and{gBiOG,Hs.
lowed by evacuation for 5 min. From a comparison to the speeer example, propylamine adsorbs only by a 1:1 H-bondin
tra obtained for adsorption of propylamine and (4$iOCGHs  interaction with the surface SiOH groups. Thus, the ratio o
(Figs. 2b and 2c), it is clear that the adsorption of APDMES dhe 15963747 cnt? (i.e., N-H mode of H-bonded amine/free
silica arises from H-bonding with the aminopropyl group an8iOH groups removed by H-bonding to amine group) integrate
covalent attachment through a reaction with the ethoxy endlmind intensities obtained for propylamine represents the val
the molecule. expected for the same ratio obtained if all APDMES is ad
The normally weak N—H stretching modes in the gas-phaserbed only by H-bonding of the aminopropyl groups to the
molecule are more intense upon adsorption of the APDMESrface SiOH groups. The 158747 cnt! band intensity ra-
on the silica. These bands along with the appearance of SiOtiblobtained for adsorbed APDMES is 50% of that obtained fo
stretching at 2750 cnt, N—-H bending mode at 1596 crhalong adsorbed propylamine. This shows that half of the perturbe
with bands at 996 cmt and 945 cm* (see Fig. 2a), are identical silanols are H-bonded with the aminopropyl group. Similarly
to those obtained for adsorbed propylamine. It is also noted tigt comparing the 1080/3747 crhband intensity ratio in the
there is no band at 1622 cthdue to the bending mode of thespectrum obtained for the high-temperature reaction‘@p0f
free amine. Therefore, we conclude that the aminopropyl gro(Hs):SiOGHs (i.e., all SiOH groups removed by formation
of each adsorbed APDMES molecule is H-bonded to a surfagka Si—O-Si surface bond) to the value obtained for adsorbe
silanol group. APDMES, we estimate that 45% of the SiOH groups participat
In contrast to the bands obtained for adsorbed H)gH information of Si—-O-Sibonds. This value is consistent with 509
SiOGHs, the spectrum of adsorbed APDMES does not showad the SiOH groups patrticipating in a H-bond with the amino-
broad band at 3350 cm, indicating that few SiOH groups arepropyl group. Thus, each APDMES molecule is adsorbed wit
perturbed by H-bonding with the ethoxy groups. However, the/o silanols. One silanol is H-bonding with the aminopropy!
ethoxy group is interacting with surface sites because the spgmup and the second silanol is removed through a reaction wi
trum in Fig. 2a shows no ethoxy modes at 1118 and 1087 cmthe ethoxy group to form a surface Si—O-Si bond. In the en
Furthermore, there is no C—H stretching mode of the ethokye chemisorbed APDMES have few, if any free aminopropy
group at 2979 cmt. Unlike the ethoxy modes at 1118 andyroups extending from the surface.
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FIG. 3. Addition of excess APDMES vapor to a thin silica film at room temperature for (a) 10 s, (b) 1 min, and (c) 2 h.

Time Evolution of APDMES Adsorbed on Silica rored by a decrease in the SiOH band at 3747 c(see Fig. 4).

The competition of ethoxy and amine groups for surface sitgé"ve 3a shows that the SIOH groups are H-bonded with bo

was studied by monitoring the time evolution of the adsorptioqrn

process. In a separate experiment, we exposed the APD | , i link band h Vi
vapor to the thin film of silica and recorded spectra as afunctigﬂ\/a ent Si-O-Si linkage (band at 1080 T The catalytic

of reaction time. Typical spectra obtained at 10 s, 1 min, a ghav]ior of the aminopropyllgrmip isfek\]/ide_nt as even after on
2 h incubation times are shown in Fig. 3. A plot of the chanq]ffg) § of contact approximately 10% of the SIOH groups are co

in band integrated intensities with incubation time is shown i redto a S'_O_,S' bond. .
Fig. 4. During the initial 5 min, the spectra showed a stead After about 5 min of contact time, there was no further chang

increase in the amount of APDMES adsorbed on the surfafdne intensity of the 3747 cnt band indicating that all avail-
silanol group. The amount of adsorbed APDMES was monitor le SIOH sqrface sites were covered. We refer o the_ peri
from the intensity of the SiCkibending mode at 1265 crh, etween 5 min and 2 h as stage Il. The time evolution in bar

The band at 1265 crt increased in intensity and this was mirintensities in stage Il showed different trends for the ethox
and aminopropyl ends of the molecule. These changes contir

over a 2 hperiod. Afte 2 h ofincubation there were no further
. 1265 emt Changes detected in the spectrum.

3350 om? For the ethoxy end, there is a uniform decrease in the intens
. 3747 o ©f the bands due to H-bonded SiOH groups with the ethox
. 1597 cm? moieties (bands at 3350, 996, and 945¢mand the OCH
1080 emt bandat 2979 cm'. This uniform decrease is accompanied b

an increase in the intensity of the band due to Si—O-Si bon
(band at 1080 cmt). This shows that the primary mechanism
for removal of the H-bonded ethoxy is through conversion to
Si—O-Sibond. From the 1080/3747 thband ratio we estimate
0~ T v J that at 5 min 22% of the SIOH groups are converted to Si—-O-S
0 20 40 60 At 1 h this number is 45% and 2 h the value is 50%.
Minutes It is possible that some of the H-bonded ethoxy groups a

o , N _ displaced from the surface by the aminopropyl end of an incon

FIG. 4. Change inintegrated band intensity with contact time for adsorbed ) o .
APDMES on silica. The ordinate values for each curve have been arbitraM)]/g gaseous APDMES molecule. There is a 29 A),mcrease int
scaled for clarity and a line is drawn through the 3350 urve to emphasize @mount of adsorbed APDMES from the beginning to the en

that it passes through a maximum. of stage Il. In this case, the APDMES would remain anchore

ine (identified by a positive band at 1595 @dn(1, 3, 9,
and ethoxy ends (band at 3350¢n(35, 44) and form a

Integrated Intensity (arbitrary
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through the H-bonded aminopropyl end and have the ethoxgent. During the evacuated period (up to 1 h) there was n
group dangling out from the surface. However, the strong ethoglgange in the intensity of the Si-O-Si band at 1080 tnAn
modes at 1118 or 1087 crhwere not detected at any time durincrease in the intensity of the Si-O—Si band occurred only i
ing the experiment. Furthermore, it is noted that we observ#tk presence of gaseous APDMES.
a uniform decrease in intensity of the band at 2979 tgmot . P . . .
shown in Fig. 4) and this is consistent with removal of the ethoxA)}DDMES Adsorbed in a 1.1 Mixture with Triethylamine
modes only through formation of a surface Si—-O-Si bond. Clearly, our time evolution experiments show that in orde
During stage Il there is only a small decrease in the intensitytf reduce thenumber of H-bonded aminopropyl groups it wil
the N-H bending mode at 1595 cishowing that there is little be necessary to block the aminopropy! groups from adsorbir
change in the number of H-bonded aminopropy! groups. Fraahthe initial stage of the reaction. As shown in Scheme 3, or
the 15963747 cnv? band ratio, about 65% of the SIOH groupgossibility is to use a more strongly adsorbed TEA to block th:
are H-bonded by the aminopropyl end at 5 min and this decreaaesinopropy! end from adsorbing on the surface. The spectru
to about 50% after 2 h. Over this same period, there is onlyoatained after addition ofthe 1 : 1 mixture of APDMES and TEA
20% increase in the amount of adsorbed APDMES showirfigr 1 min, followed by evacuation, is shown in Fig. 5a. The band
that a relatively small fraction of the original H-bonded aminacare due to triethylamine adsorbed on silica (40). As predicte
propyl groups are displaced by incoming gaseous APDMHERe initial step in the 1: 1 mixture is adsorption of TEA on the
molecules giving rise to a Si—O-Si bonded species. Most of therface. However, the use of preadsorbed TEA had little effe!
H-bonded aminopropyl groups are impervious to the presermethe final orientation of the adsorbed APDMES. The spectrul
of the gaseous APDMES molecules. This is in contradiction tbtained after repeated exposures of the mixture for a total i
the effect of preadsorbed TEA or propylamine in the reaction ofibation time of 20 min is shown in Fig. 5b. This spectrum ic
methylalkoxysilanes with silica (36, 37). In this case the gaseosigiilar to that obtained foa 2 h exposure of APDMES alone.
methylalkoxysilanes form a Si—O-Si surface bond removing althe difference in strength of the H-bonds between adsorbe
adsorbed amine in the process. Without the preadsorbed aniiii and aminopropyl groups is small (45) and most likely in-
the methylalkoxysilanes form only H-bonds with the surfacsufficient to block the aminopropyl group from displacing TEA
SiOH groups (35). On the other hand, there is a clear catalytiebonded to the surface SiOH groups. A more likely scenari
effect of the aminopropyl group on the H-bonded ethoxy groups.that a dynamic exchange can occur between the two adsork
This catalytic process most likely occurs with the aminopropgimine groups on the surface. In separate experiments we adq
group of a gaseous APDMES molecule. Proof of this was prexcess propylamine to a surface pretreated with TEA and four
vided by other experiments in which the excess APDMES wésat propylamine quickly displaced all the preadsorbed TE/
evacuated at set time intervals during the time evolution expen the surface. The same occurs in the reverse process wi

2660
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FIG. 5. Addition of a 1:1 mixture of APDMES and triethylamine at room temperature to silica for (a) 1 min and (b) 20 min. The gaseous mixture
evacuated prior to recording each spectrum.
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propylamine is preadsorbed on the surface. Addition of ex3. Piers, A. S., and Rochester, C. Bi.Colloid Interface Scil 74,97 (1995).
cess TEA quickly displaced all adsorbed propylamine from tH¢. Trens, P., and Denoyel, Rangmuir12,2781 (1996).

surface.
Although the use of a base catalyst does not change the fipal
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Spectroscl4,113 (1997).
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solution where slow hydrolysis and polymerization occur with

water.
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20.
21.

CONCLUSION

The initial adsorption of APDMES on silica occurs by

H-bonding with both the aminopropyl and ethoxy ends of th&-

molecule with the surface SiOH groups. The H-bonded ethox
groups are converted to a Si—O-Si bond by a catalytic prg;
cess involving the aminopropyl groups of an incoming gaseogts

APDMES molecule. On the other hand, a small portion of the
H-bonded aminopropyl groups is removed by formation of Z6-

Si—

O-Si bond through the ethoxy end of gaseous APDMES

molecules. Most of the H-bonded aminopropyl groups do not’
participate in further reaction on the surface. The use of a mixg.
ture of TEA and APDMES does not change the final outcome

of the reaction but does, however, accelerate the rate of reactiéh.
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