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The synthesis of cyclopentylsilsesquioxaT®3 [(c-CsHg)-SizOs(OH)s] was followed by means of electrospray

mass spectrometry (ESI MS) and in situ attenuated total reflection Fourier transform infrared (ATR FTIR)
spectroscopy in combination with chemometric analysis methods. This study allowed us to identify
silsesquioxane species present in the reaction mixture and to propose a mechanism for the formation of
silsesquioxan&7b3. The spectroscopic results proved the existence of short-lived, low molecular weight
silsesquioxane precursors and indicated that the final product silsesquia®ahevas only present in very

low concentrations in the reaction mixture, suggesting that the high selectivity of the reaction toward
silsesquioxan@7h3 is caused by its low solubility.

1. Introduction R

Silsesquioxanés? are inorganie-organic hybrid compounds R o’?' o OH
of the general formula (RSiR)4(H20)0.:, Where R is a \s(‘ffO\Si-/-R
hydrogen atom or an organic group aadand b are integer / o \ OH
numbers§=1,2,3,..b=0,1,2,3,..), wita + b= 2n, o i o |
wheren is an integerif = 1, 2, 3,..) andb < a + 2. These TN Y o 3 Si
compounds are usually subdivided into two groups: completely \ ‘.,.0" l/o’ R
condensed sil_sesqui_oxanes, for whi]:h: 0, and incompletely /Si\o/Si\
condensed silsesquioxanes, for whioh= 0. Incompletely R
condensed silsesquioxanes contain silanol groups @§i), a7b3

which make them suitable model compounds for silica surfaces.
The incompletely condensed silsesquioxaa#3,*> which

presents three vicinal silanol groups (Figure 1), has proven to ) . . )
be a particularly useful species. It has been reacted with a varietySYNthesis of cyclopentylsilsesquioxaaigo3 was monitored by

of metal centers and the complexes obtained have been used'€@ns Of electrospray ionization mass spectrometry (ESI

both as model compounds for heterogeneous catalysts and aMS)?141%and in situ attenuated total reflection Fourier transform
homogeneous catalyst§: 11 Recently, a fast and efficient way infrared (ATR FTIR) spectroscopy:}” Spectroscopic data from

to synthesize the cyclopentylsilsesquioxaTe3 by means of the latter were analyzed us_ing chemomet_ric meth_ods to identify

high-speed experimentation techniques was identified by our th€ pure spectra and relative concentration profiles.

group?? This new synthetic method produces the pure com-

pound in 64% vyield after 18 h of reaction, a considerable

improvement over the 29% vyield after 3 days reaction known  The synthesis of cyclopentylsilsesquioxa&i#h3 was per-

previously® High-speed experimentation was an efficient means formed according to the optimized method discovered by means

to determine the optimal high selectivity synthesis conditiSns, of high-speed experimentation technigé&Sypically, 9.4 mL

but could not directly be used to elucidate the mechanism of of deionized water were carefully added to a 100 mL round-

formation of the silsesquioxane. bottomed flask containing a solution of 1.4 mL of cyclopen-
The aim of the work presented in this paper is to shed light tyltrichlorosilane (¢-CsHo)SiCls, 97% purity) in 37.5 mL of

on this mechanism, to identify the species formed during the acetonitrile.

process and to try to explain the high selectivity toward  The homogeneous solution was vigorously stirred and heated

silsesquioxan@7b3 of this optimized synthesis method. The under reflux conditions in an oil bath set at 3. A white

precipitate was already visible after 1 h. At the end of the

* To whom correspondence should be addressed. F481)152784289. reaction, the white precipitate (mainly composed of silsesqui-

Figure 1. Cyclopentylsilsesquioxan&-CsHg)7SizOs(OH)s [R = cy-
clopentyl].

2. Experimental Section

E-mail: th.maschmeyer@tnw.tudelft.nl. oxanea7b3) was present on the walls of the flask and a liguid
Technische Universiteit Delft. liquid-phase separation of the reaction solution was obséfred.
* Avantium Technologies B.V. .
S The University of Greenwich at Medway. Mass spectrometry (MS) analysis was performeq on a
'The University of Sydney. Micromass Quattro LEMS with ESH- as ionization technique.
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Figure 2. MS plot after 90 min of reaction and list of possible cyclopentylsilsesquioxanes with £ 8. Analytical parameters for MS measurements
were set as follows: flow rate (of the syringe pun#)}0 uL/min, rf lens= 0.31 V, capillary= 3.20 kV, cone= 30 V, extractor= 4 V, source
block temperature= 80 °C, desolvation temperature 300 °C, nebulizer gas flow= 85 L/h, desolvation gas flow= 450 L/h.

At regular intervals throughout the experiment, 200samples some noise in the recorded spectra. Noisy or spiky data may
were taken from the reaction supernatant liquid, ensuring no also be caused by impact on the ATR probe of the precipitate
aspiration of solids into the syringe, and directly injected into formed during the reaction.

the mass spectrometer by means of a syringe pump. The first

sample { = 0) was taken straight after adding water to the 3. Results and Discussion

acetonitrile solution of cyclopentyltrichlorosilane, and subse-  ag gescribed in earlier work the silsesquioxane synthesis
quent samples were taken after 30, 60, 90, 120, 180, 270, 360giscussed here occurs via the hydrolytic condensation of
480, 600, and 1440 min. The presence of water and of acids cyclopentyltrichlorosilane:

(hydrochloric and aceti¢} in the reaction mixture yielded i )
favorable ionization conditions for MS. (c-CsHg)SICl; + 3H,0 — (c-C5Hg)Si(OH); + 3HCI

A list of possible silsesquioxane structures and their masses, hydrolysis step (1)
based on the equations that define thand b values in the g ; — (e ;
formula (RSIiQ 5)a(H20)o.3 is shown in Figure 2, together with A(C-CsHISI(OH), = (¢-CoHa)SI0; 9o(H,0)o s, +
a MS plot of the silsesquioxane synthesis mixture. From MS (1.52— 0.3)H,0 condensation step (2)
datal® it is possible to determine the number of Si atoms (the

| A X 3.1. Mass SpectrometryThe MS spectra recorded between
value ofa in (RSIO 5)a(H20)0.5) Of the detected species but

. / t = 0 (sample actually analyzed after a couple of minutes) and
not their level of condensation (the valuel)f The reason for t = 1440 min show peaks corresponding to cyclopentylsilses-
this is that during the ionization process silsesquioxanes canquioxane structures with 4 a < 13. Peaks due ta= 7 species
lose water molecules, as confirmed by the fact that the ratio of (m/z=839.3, 857.3, 875.3, 893.3) are present in all the recorded
peak intensities for a given value afs influenced by the cone  gpecira (see Figure 2 for an example). The relative abundance
voltage applied during the MS analysis. of these peaks compared to that of the peaks of other silses-
In situ infrared analysis was performed by means of an ASI quioxane species is rather low at any reaction time, indicating
ReactIR1000 reaction analysis system, based on attenuated total low concentration in solution. Knowing that the precipitate
reflection (ATR) Fourier transform infrared (FTIR) spectro- produced by the synthesis is mainly silsesquioxania3,? it
scopy. The spectrometer was equipped with a zinc selenidecan be inferred that this compound has a low solubility in the
(ZnSe) crystal cell, a diamond probe, and a mercury cadmium reaction mixture and tends to precipitate as it gets formed. Its
telluride (MCT) detector. During the analysis, the IR diamond lower solubility with respect to other cyclopentylsilsesquioxanes
probe had to be positioned just below the surface of the reactionis probably due to the tendency of silsesquioxarie3 to form
mixture in order to avoid coating of the probe by the silses- dimers}!® which are insoluble in polar solvents such as
quioxane precipitate formed during the synthesis. The reaction acetonitrile. This is in agreement with the observed formation
was carried out under reflux conditions, which led to bubble of a white precipitate aftel h of reaction.
formation at the surface of the solution. This affected the contact The concentration of tha = 7 species in solution can,
between the probe surface and the reaction mixture, causingtherefore, be considered approximately constant during the
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Figure 3. Relative intensity of the MS peaks of the various silsesquioxane species present in solution, as a function of the reaction time. All the
intensities are normalized to the intensity of the peaka ef 7 species.

course of the reaction. This assumption allowed us to normalize ones. Att = 30 min, silsesquioxanalb3 has already disap-

the intensity of the peaks of the other silsesquioxanes relative peared from the reaction mixture. Silsesquioxanes with 2

to thea = 7 peaks, making it possible to compare the spectra disappear aftrel h of reaction and those with = 3 reach a
measured at the various reaction tirdeEhe relative concentra-  very low concentration aftel h of reaction and cannot be
tions of the principal silsesquioxane species with increaaing detected anymore after 6 h. The concentration of silsesquioxanes
values are plotted against reaction time in Figure 3. This plot with a = 4 decreases less rapidly. These species are still present
shows how various silsesquioxane species form and disappeain small amounts after 10 h and are only fully consumed close
over time. Att = 0, silsesquioxane species with<la < 6 are to the end of the reaction, after 24 h.

present in considerable amounts. No cyclopentyltrichlorosilane  Fora = 1, the only possible structure is the trisilardb3.!

was detected, indicating that the hydrolysis step (eq 1) is Fora = 2 anda = 3, more structures are possible @2b4
complete before the first sample is injected in the mass anda3b5 are the only two that do not present a large geometrical
spectrometet? The presence of various species at 0 shows strain. Fora = 4, two structures are the most likelg4b4 and

that the process of condensation of silsesquioxaltis, (c- adbb, the first being a ring and the second a linear structure.
CsHg)Si(OH);, (step 2) leading to the formation of larger The ring structure is part of the structure of the final product
silsesquioxane structures is also very fast.tAt 0, species arb3, and so it can be assumed tlzab4?! is the precursor
with a = 4 are the most abundant. Silsesquioxanes withd species. These structures are schematized in Figure 4, together
< 4 can be seen as the building blocks for larger silsesquioxanewith their most likely paths of reaction.

structures (see Figure 4 for a proposed scheme for the synthesis For most of the reaction silsesquioxanes vetls 5 anda =

of silsesquioxanes). They are likely to be reactive species that6 are the two major species in solution. Their concentrations
tend to condense further, as confirmed by the fact that their increase in the beginning of the reaction to reach a maximum
concentrations diminish quickly as the reaction proceeds. The after 1 h and then gradually decrease. This happens more rapidly
smaller the structures, the faster they disappear to form largerfor species witha = 5 that are only present in very small
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Figure 4. Proposed mechanism for the synthesis of cyclopentylsilsesqui@@3e The silsesquioxane structures are represented in a schematic
way. Each circle symbolizes a siloxane unit-{{sHg)SiOs]: silicon atoms are represented by the circles and the oxygen atoms by the lines;
nonbinding lines represent theOH groups. The cyclopentyl groups are not shown.

amounts at the end of the reaction, than for silsesquioxanes withthe reactions in whichl1b3 takes part are effectively irreversible

a = 6, which are still present in relevant amounts after 24 h of
reaction. The two most likely structures wigh= 5 anda = 6

are silsesquioxaneabb5 andaéb4, which are represented in
Figure 4, together with their possible pathways of formation.

For silsesquioxanes with = 8, two groups of peaks with
different relative concentration profiles exist. The different

and that the compound will only be available for the reactions
in the early stages of the synthesis. Silsesquioxanes witla2

< 4 are then going to react with each other to form the more
condensed silsesquioxanes witkk4 < 8. These reactions are
more easily reversible, meaning that the structures that are
formed by condensation can be hydrolyzed back to the original

behavior as a function of the reaction time suggests that the compounds or to other less condensed species.

two groups of peaks belong to two different species with

8. The first group has a main peak mtz = 987.15, which
corresponds to aa8b2 silsesquioxane. This species has a low
concentration during the entire reaction, with only a slightly
positive slope toward the end (see Figure 3, top plot). The
second group of peaks has a main peakvat= 1041.20, its
intensity reaches a maximumtat 30 min and then decreases
rapidly to disappear afte3 h of reaction (see Figure 3, bottom
plot). This intensity profile for these species is very similar to
those of species with 8 a < 13, indicating a maximum species
concentration at= 30 min fora=9, 10 and at = 60 min for

11 < a < 13. Given the short lifetime of the species with<8

As mentioned above, silsesquioxaa3 is less soluble than
other silsesquioxanes present in the reaction mixture and
precipitates as a white solid. This will influence the equilibrium
composition and consequently drive the reactions that involve
its formation toward the product; therefore, these reactions are
considered irreversible. Silsesquioxanes véthk 6 exhibit a
maximum of concentration in solution afté h of reaction; they
are then rapidly consumed up ur8ih of reaction, after which
the reaction proceeds more slowly. Sinceane 6 silsesqui-
oxane is present in the precipitate, it is inferred that the
compound gets slowly hydrolyzed to smaller species which then
recombine to give the produafb3.523 The absence of aa=

a < 13 and the fact that they are present in the early stages of6 silsesquioxane among the products is, therefore, not due to
the reaction, it can be suggested that these species are instablihe instability of the compound but rather to its higher solubility

aggregates of two smaller silsesquioxaffesor example,
species witta = 8 are probably dimers & = 4 species, those
with a = 9 are constituted by = 4 anda = 5 species, and so
on.

On the basis of all the information collected from this MS

in the reaction mixture. The completely condensed silsesqui-
oxanea8b0, obtained by condensation a8b2, is only present

in traces in the precipitate. This means that, although silses-
quioxanea8h0 might be expected to be the most thermody-
namically favored structure, its formation is unfavorable com-

study, it is possible to propose a mechanism for the formation pared to that of silsesquioxaa@b3, suggesting that the reaction

of silsesquioxana7b3 (Figure 4). Silsesquioxanes with<la

< 4 are formed in the early stages of the synthesis and react

is kinetically controlled.
An alternative way to represent the results of the MS analysis

very quickly to form more condensed species. It is assumed is by plotting the fraction of the total silsesquioxane structures

that the very reactivealb3 will not be formed again by

for each value ofa (with 1 < a < 8), as a function of the

hydrolysis reactions of more condensed species: this means thateaction time (Figure 5). This graph gives a measure of the
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Figure 5. Fraction of the total silsesquioxane structures in solution far & < 8, as a function of the reaction time (based on MS data).
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Figure 6. In situ ATR FTIR spectra of the silsesquioxane reaction mixture, as a function of the reaction time for a window-a0D6@anT™.
Analytical parameters were as follows: IR analysis (624000 cn1?) was performed for 10 h with an acquisition of a spectrum every 2 min, 16
scans per spectrum, and a resolution of 4€tm

distribution of the various species in solution at various stages = 6 slowly decreasing upon hydrolysis and consecutive
of the reaction. This plot does not, however, provide any condensation toward silsesquioxaaé3.

information about the total concentration of silsesquioxane 3 2. |nfrared Spectroscopy. Attenuated total reflection
SpeCieS in solution (the value of which is alWayS set at 10@/0) (ATR) FTIR spectroscopy allows in situ monitoring of ||qu|d_
This graph nicely shows how the smaller silsesquioxane speciesphase reactions by collecting the infrared spectra for solution
constitute the main fraction in the early stages of the synthesisspecies directly in contact with the infrared prdfdn the

and then tend to gradually be consumed in favor of bigger general case of a reaction in which various compounds are
structures as the reaction proceeds. Toward the end of thepresent, each ATR FTIR spectrum will consist of the overlap-
synthesis, silsesquioxanes wih= 6 are the major fraction in  ping spectra of all the pure components present in solution at a
solution, though the relative fractions of species vatl 7 specific reaction time. During the reaction, the concentration
and a = 8 are increasing. This is in agreement with the of reagents and products will change, thus influencing the
hypothesis of the concentrations of silsesquioxames? and spectrum profile. This may allow appropriate chemometric
a = 8 being constant in solution and that of silsesquioxanes methods to be used to deconvolute the pure component spectra
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Figure 7. Comparison of the measured reference spectra (dotted line) with the pure component spectra (solid line) obtained by chemometric
deconvolution of the complex ATR FTIR spectra reported in Figure 6.

and relative concentration profiles as a function of time. If the ~ From Figure 7, it can be seen that the pure component spectra
IR spectra of some components are known in advance (e.g.,obtained by the MCR technique closely match the reference
the solvent, reagents, and selected products), it is possible tospectra for acetonitrile (with a correlation coeffici€= 0.987),

use them as references to improve the fidelity of the deconvo- water R = 0.993), and silsesquioxan® & 0.953). A poor
lution. match R = 0.214) is obtained for the cyclopentyltrichlorosilane
reference spectra, indicating that cyclopentyltrichlorosilane
cannot be detected at any stage during the reaction. This supports
the MS results that also suggest that trichlorosilane is im-
mediately hydrolyzed once water is added to the solution.

Relative concentration profiles for the identified species are
given in Figure 8. The concentrations of acetonitrile and water
are reasonably constant during the reaction, reflecting the fact
that both acetonitrile and water are present in large quantities,
and that any change in concentration is effectively negligible.

. . . . . The relative concentration profile of the silsesquioxane
determine the number of independently varying chemical Spec'escomponent, which has a slightly less accurate fit to the
present and to provide initial estimates of the spectral Shapessilsesquioxana7b3 reference spectrunR( 0.953), reaches a
resulting from these species and of their concentration profiles. avimum afte 2 h and becomes approximately constant after
Reference ATR FTIR spectra for a number of components (the 4 h of reaction. From the MS study (see subsection 3.1), it is
solvent acetonitrile and water, the reagent cyclopentyltrichlo- inferred that silsesquioxana7b3 has a very low and ap-
rosilane and the produe7b3) were measured to assist in the  proximately constant concentration in solution throughout the
deconvolution of the data. Frequency windows were selected entire reaction, since the compound is only sparingly soluble,
that allowed the best discrimination between the reference and precipitates at higher concentrations. This suggests that the
compounds (725775 cnt* for acetonitrile; 856-900 cnt* for silsesquioxane monitored by ATR FTIR is not represented by
water and the silsesquioxane). Finally, the MCR technique was structurea7b3. Other incompletely condensed cyclopentylsil-
applied to the data in the selected frequency windows to find sesquioxanes are expected to have infrared spectra very similar
the component spectra and relative concentration profiles thatto that ofa7b3 in the studied spectral regiof$®28Therefore,

best fit the observed spectra. it is proposed that the species identified by MCR isaasrr 5

In the ATR FTIR study of the synthesis of cyclopentylsil-
sesquioxan&7b3, in situ ATR FTIR spectra of the reaction
mixture were collected every 2 min during the reaction time.
The spectra obtained were plotted as a function of the reaction
time (Figure 6). The pure component spectra and relative
concentration profiles were subsequently recovered using a
multivariate curve resolution (MCRS technique based on a
modified target factor analysis algorithi.

Principal component analysis (PCA)was first used to
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Figure 8. Relative concentration profiles of the three species identified by chemometric deconvolution of the complex ATR FTIR spectra reported
in Figure 6.
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. . . . . ; 503.57 (H), 521.57 (H), 544.56 (H, 503.57+ CHiCN). Fora = 5,
time-resolved mechanism of silsesquioxane formation, with the | >""c 7o = =™ 597749 (H, 633.49-2H,0), 615.49 (H, 633.49—

ATR FTIR results being consistent with the mechanism based H,0), 633.49 (H), 638.48 (H, 597.49+ CHiCN), 651.43 (H). Fora =

on the interpretation of the MS data. The study has shown that ﬁv?’ﬁggzﬂﬁ(@%& 7245-33 g)’gggé?( S')f)ézsslz-g?#;)éggorzg (:H;
. . - - . . ) . — M2 3 . ’ . 1 . ’
the formation of the desired silsesquioxaagb3 follows a 911.22 (H). Fora = 8, miz 969.20 (H), 987.20 (H), 1005.19 (H).

complex pathway, via initial formation of smaller oligomers. 1023.20 (H), 1041.20 (H). Fora= 9, Wz 1099.06 (H), 1117.12 (H),

; i ivi ies i i 1135.19 (H), 1153.12 (H), 1171.13 (H). Fora= 10,m/z 1211.05 (H),
The final, high selectivity for the7b3 species is ascribed to 1220.00 (H), 1247.05 (H). 1265.05 (H), 1282.99 (H). 130100 (H)

its lower solubility, which impedes redissolution and equilibrium  £3 =11 vz 1340.91 (H), 1358.91 (H), 1376.97 (H), 1394.91 (H),
reactions yielding other silsesquioxanes. 1412.91 (H). Fora=12,m/z 1470.90 (H), 1488.90 (H), 1506.84 (H),
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1524.84 (H), 1542.84 (H). Fora= 13,m/z 1600.82 (H), 1618.76 (H), (25) Tauler R.; Kowalski, B.; Fleming, $nal. Chem1993 65, 2040.
1636.76 (H), 1654.76 (H). (26) Metcalfe, E.; Tetteh, Polym. Mater. Sci. Eng200Q 83, 88.
(19) Brown, J. F.; Vogt, L. HJ. Am. Chem. Sod.965 87, 4313. (27) Jackson, J. EA users guide to principal componeng®hn Wiley

(20) A normalization of the MS data is necessary because the mass & Sons: New York, 1991.
spectrometer produces plots in which the intensities of the peaks are not (28) This similarity was confirmed by measuring and comparing the
absolute but normalized to the most intense peak, the value of which is settransmission IR spectra (KBr pellet) of cyclopentylsilsesquioxadi8 with

at 100%. that of the mixture of silsesquioxanes (mainly contairéng 5 anda = 6
(21) Haddad, T. S.; Moore, B. M.; Phillips, S. Rolym. Prepr.2001 species) obtained by removing the solvent from the reaction mixture after
42, 196. 18 h of reaction at 50C (instead of reflux conditions). The two spectra

(22) A similar effect can be seen measuring a mass spectrum of pure present corresponding sets of peaks (within 6 §nin the region 676-
cyclopentylsilsesquioxana7b3 with similar experimental conditions but 1000 cnrl.

at two different cone voltages: with core 30 V two main peaks are (29) This hypothesis was confirmed by repeating part of the MS study

present, am/z = 875.33 and atwz = 1749.89; with cone= 65 V, the of the synthesis of silsesquioxara¥b3 at 50 °C (instead of reflux

peak atm/z = 1749.89, due to tha7b3 dimer, disappears. temperature). In these conditions the hydrolytic condensation is slower and,
(23) Feher, F. J.; Terroba, R.; Ziller, J. Whem. Commuri.999 2153. though the same silsesquioxane species are present in solution, species with
(24) Harrick, N. J.Internal Reflection Spectroscapyohn Wiley & 1 < a =< 4 disappear more slowly and those wéh= 5 anda = 6 reach

Sons: New York, 1967. the maximum of the concentration profile after a longer reaction time.



