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Solid-state %P and 2Si NMR experiments, with Magic-Angle Spinning (MAS), were used to elucidate the chemistry
that occurs when silica gel is treated with phosphorus pentachloride. A low-loading regime (in which the molar ratio
of initial PCls to surface silanols sites is <1) and a high-loading regime (in which this ratio is ~1) were examined.
For each regime, the results for limited and intentional exposure to moisture are presented. The occurrence of
phosphorus bridging between two adjacent silanols sites is observed. Bridging structures based on Si-O-P-O-
P-0O-Si linkages are also indicated.

Introduction surface silanols3i—OH groups, wher&i represents a silicon
The structure and properties of the silica surface have beenfom at the surface), along with identities of surface-attached

subjects of great research interest over the past few decadesPEC1®s that are generated in reactailica mteractlons_, .
hich in this case are centered on phosphorus-containing

at least partly because of the numerous realized and potentiaYV L : S )
materials applications associated with generating covalentmo'm'es'_AS is often the case in S|I|ca_surface issues, the
attachments to silica surface moietieé.Previous studies '€ an.d |mport§nce of Water are examlnfed.

have included substantial investigations of the reactions of ~Previous detailed studies of the adsorption of phosphorus-
phosphorus trichlorid®;” of phosphoryl chloride (POGP, centered species on silica surfaces have included experiments

of phosphoric aciland various phosphonates{R(O)XY, based on a infrared and/&'® NMR measurements. Those

where R is alkyl or alkoxy and X,¥= alkoxy or CIf with studies were concerneql with the interactions aP&,,°
silica, and limited studies reported in the Russian literature POCb’ PCk,°"® and various phosphonaté¥R—P(0)XY

on the chemistry of the phosphorus pentachloride/silica Where R= alkyl or alkoxy, X,Y = OCHs or Cl) with silica.

systemi® This work addresses that last system, primarily by Most of these systems were studied as samples in which the

solid-state NMR spectroscopy. As with most studies of silica P-céntered reagent was adsorbed from the vapor phase. In

surface reactivity, attention is focused on the behavior of the current study, PE€as adsorbed from C&bolutions.

In most of the previous studies, the silica employed had been
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The formation ofSi—O—P linkages was also reported by
Bogatyrev and co-worketsn studies of the adsorption of
PCk on silica (including the role of physisorbed water). The
formation of Si—O—PCL and §i—0—),PCI (analogous to
species Il and lll, Table 1) from PE€hdsorption was also
reported.

In their 3P MAS NMR study of the adsorption of RO,
on silica, Mudrakovskii and co-workérgound only Si—
O—P(O)(OH} (species VI) when EPO, was adsorbed on
silica that had been calcined at 10G. In addition, 6i—
0O—),P(O)OH (VII) and Bi—O—P(O)OHLO (VIII) were
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room temperature. High relative-humidity (30% RH) exposure
conditions were created using a sealed chamber containing a
saturated solution of NaCl in water. Chirapho&@R-bis(diphen-
ylphosphino)butane, Aldrich), tetrakis(trimethylsilyl)silane (TTMSS,
Fluka), and polydimethoxysiloxane (PDMS, 2.5 MDa MW, Petrarch
Systems) were used as supplied.

Surface Properties. Values of the BET surface area, pore
volume, and pore size (width) were determined by Micrometrics
Analytical Services (Norcross, GA).

Sample Preparation. Weighed quantities of phosphorus pen-
tachloride and carbon tetrachloride were stirred at room temperature
until the liquid became clear (510 h, depending on quantities).

observed if the silica had been calcined at substantially higherrhe resuiting solution was reacted with a weighed quantity of dry

temperatures.
In infrared studies of the series, (@B);PO, CHOP(O)-
Cly, CHsP(O)(OCH),, and PO adsorbed on silica, Kanan

silica gel for 24 h at room temperature with constant stirring under
a dry N, atmosphere. The solvent was removed under vacuum (5
x 1072 Torr) at room temperature. The resulting, free-flowing

and Tripp found that these species are physisorbed (especiallypowder was sealed at room temperature under dryding O-rings

by hydrogen bonding with surface silanols) and can be

(vide infra) and used immediately.

removed from the silica surface by evacuation at moderate Subsequent Reaction StepsAfter the initial reaction was

temperature8.This behavior contrasts with results of the
present study in which chemisorption to for8i—O—P
linkages dominates, along with hydrolysis of-2l bonds,
in the observed chemistry (vide infra).

Ukrainian researchers have examined the/S@, system
from a perspective that focused primarily &rO—PCl,
moietiest?

The silica surface is generally viewed as consisting of a
combination of silicon types: geminal silanols ;(Qwo
siloxane linkages, SiO—Si, to other silicon atoms of the
silica framework and two OH groups attached to thge Q
silicon), single silanols (g three siloxane linkages and one
attached OH group), and nonsilanols,(@our siloxane
linkages and no attached OH group). Solid-st&& NMR,
with Magic-Angle Spinning (MAS), and usually with
1H—29S;j cross polarization (CP), have proven to be extremely

useful in distinguishing among these three types of surface

moieties by manifesting three distirfé8i chemical shiftd!
Solid-state® P MAS NMR has been shown previously to

be extremely useful in identifying surface-attached phosphorus-

containing moieties, largely because of the extremely high
sensitivity of the3'P chemical shift to even small variations
in local atomic-level structure.®12 As the reactions of PCI
moieties with hydroxyl groups, e.g., the hydrolysis of PCI

completed, samples were kept at ambient temperature for varying
periods under a variety of conditions with respect to exposure to
H0, including (1) anhydrous conditions (undes N a drybox),

(2) with H,O exposure severely restricted to a tightly capped (O-
ring seals) MAS rotor, and (3) under 30% RH in a humidifier.
Spectroscopy was performed on samples generated under these
various conditions, as described in the results.

NMR Spectroscopy.Solid-state’’P and?°Si NMR spectra were
obtained using a CMX-Il type spectrometer (Otsuka Electronics
USA, Fort Collins, CO) operating at 4.7 T (199.9 MHz fb,
80.86 MHz for31P, 39.68 MHz for?°Si). Samples were contained
in modified 7.5 mm diameter, PENCIL-II, zirconia, MAS rotors
equipped with a pair of rubber O-rings, one on each end, to
minimize exposure to air. All solid-statéP and?Si NMR spectra
were obtained using high-powéiH decoupling, although its
inclusion had little effect on the spectra. Solid-st#eNMR spectra
were obtained using a CMX-II type spectrometer operating at 9.4
T (360.0 MHz for'H). Samples were contained in 4 mm diameter
PENCIL-II, zirconia, MAS rotors with standard plastic-to-ceramic
closures.

31P MAS spectra were obtained with a rotor speed-6fkHz.
Conditions for CP experimerifsvere3P and! H RF field strength
of 41 kHz for CP contact and decoupling, a contact time of 6 ms,
and a recovery time of 1 s. Conditions for Direct Polarization (DP)
experiments weré'P RF field strength of 31 kHZ H decoupling
field strength of 41 kHz, and a recovery time of 10°% MAS

to HsPQ,, has long been recognized and as silica surface spectra were externally referenced to liquid 85%°8;, (0 ppm)

chemistry focuses on the reactivity of -SDH groups
(silanols), the nature of reactivity of PLWith the silica
surface is of substantial interest. Not only is the anticipated
chemistry of interest in its own right, but also there exists
the possibility that PGImoieties in general might provide
useful probes of silanol distributions, as has proved to be
the case with SiXmoieties in silylation reaction's:*4

Experimental Section

Materials. Silica gel (Fisher, S679 Lot 000232) was dried by
evacuation at 5< 1072 Torr and 100°C for 24 h. Phosphorus

via substitution with a secondary reference, chiraphekl(4 and
—14.0 ppm relative to 85% #POy).

295i MAS spectra were obtained with a rotor speed-&fkHz.
Conditions for CP experiments wettSi and!H RF field strength
of 41 kHz for CP contact and decoupling, a contact time of 8 ms,
and a recovery time of 1 s. Conditions for DP experiments were
295j RF field strength of 62.5 kHZH decoupling field strength of
41 kHz, and a recovery time of 100 ¥Si MAS spectra were
externally referenced to liquid TMS (0 ppm) via substitution with
a secondary reference TTMSS§.1 and—134.3 ppm relative to
TMS).

IH MAS spectra were obtained with a rotor speed-df2 kHz.

pentachloride (98.0%, Fluka) was used after sublimation. Carbon Conditions for DP experiments wetel RF field strength of 62.5

tetrachloride (99.9%, Aldrich) was dried by distillation over
phosphorus pentoxide. Potassium bromide{98 Acros Organics,
Belgium) was dried by evacuation at>6 102 Torr for 24 h at
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kHz and a recovery time of 10 8 MAS spectra were externally
referenced to liquid TMS (0 ppm) via substitution with a secondary
reference, PDMS (0.0 ppm relative to TMS).
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Dry N2(g) used as the drive gas in some MAS experiments (vida Table 1. 3P Chemical Shift Assignments
infra) was obtained as “boil off” from a standard pressure-building

31p chemical assignment relevant

storage dewar. species shift2 ppm method ref
Results and Discussion ' Z_ng:aff) 5 : o
Surface Properties.Values obtained fo_r the (BET_) s_grfacg . gfgf’;% 72975_15 1'5 1%’ ﬂ
area, pore volume, and average pore size of the initial dried 111 (Si-0-),PCk -4 45 7,14
silica gel (sample a) and the final dried sample ofR&ated V. [Si—=O-PCk:0 -4 4,5 7,14
silica gel (sample |) are 510 %y, 0.39 crd/g, and 31 A, vi. ZS%EEaIE()O)(OH)Z _111%;5'142.5 243 15' 51,5

respectively, for the silica gel and 397/g, 0.31 cni/g, and VIl (Si—0-),P(O)OH —22t0-25 2,4 7,9

31 A, respectively, for the PgBIO, (P/SIOH = 0.77) VIl [Si-O-P(O)OHEO  —22t0—25 4 7,9
IX.  HsPQOyad) 0 23 7,12

sample. For the corresponding R@acted sample with
P/SiOH= 0.077, the values are 4252@, 0.33 crﬁ/g, and aRelative to 85% HPO, set at 0 ppmP Assignment method: 1.

: . : - Previously reported chemical shifts for the solid state. 2. Previously reported
31 A, re;pectlvely. These _Va”atlo_ns are ConSI_SFent with the chemical shifts for species adsorbed on silica. 3. Previously reported
occupation of a substantial fraction of the silica surface, chemical shifts for liquid solution. 4. Based on self-consistency of patterns
including within the pores, upon reaction with BRCI of chemical reactivity and NMR properties embodied in the conclusions

. from this work. 5. Based on consistency with IR data-( vibration, as
1
NMR Results. MA_S H NMR spectra (F|g_u_re S1 of t_he well as SO and P-O vibrations).

Supporting Information) of the dried S679 silica gel, with a
surface area of 510 #y, yielded an assa¥of 5.3 mmol humidifier) for various periods of time, and eventually
OH/g. This corresponds to 6.2 OH/10G,for 3.2 x 107 evacuated (5 1072 Torr) at room temperature. NMR spectra

OH/g.?°Si NMR measurements (vide infra) yielded a silanol were obtained at each stage. The results for these types of

concentration of 5.4 mmol OH/g. PCH/SIiO, systems are shown in Figures 1 and S3 (Supporting
Solid-state’P and?°Si MAS NMR spectra were obtained  Information) for two different PGlloading levels.
with CP and with DP (no CP) and witfH decoupling, A priori, prior to any spectroscopic evidence, a variety of

primarily on sets of samples based on two types ofsPCl possible reaction schemes can be envisioned for reactions
SiO, systems. In one type of system, the mole ratio of initial of PCk on a silica surface. Such schemes would presumably
PCk to surface silanols, P/SiOH, was 0.077; in the other be influenced by whatever amount of residual (e.g., physi-
type of system, P/SiOH was 0.77. In the lower-loading-level sorbed or weakly trapped) water that might exist at (or very
regime, the amount of P€added corresponds to much less, near) the silica gel surface. In this regard, it is of interest
on a mole basis, than the number of silanols groups that arethat, both for the lower-concentration and higher-concentra-
potentially available for reaction. In the higher-loading-level tion PCESIO, systems, the DP-MAS'P spectra obtained
regime, the amount of PEladded is comparable to the on the initial (dried) reaction products (Figures la and S3a)
amount of available silanols groups. were essentially unchanged if anhydrous MgS0common

31p DP-MAS spin counting experiments, using chirophos drying agent that would be expected to sequester most, if
as an external intensity reference, yielded values of 0.30not all, of any unintended, weakly held water at the silica
mmol P/g for the low-loading sample and 1.5 mmol P/g for surface, was included in the reaction mixture.
the high-loading sample. Based on the value 5.4 mmol OH/g  The chemically simplest a priori predictions of species that
obtained from the?°Si spin-counting experiments (vide might be present at the surface of samples derived from the
supra), these surface phosphorus loadings correspond to 5.598Ck/SiO, system are the physisorbed versions of known
and 28% for silanol conversions in the low-loading and high- stable species, i.e., phosphorus pentachlorides(&dI (1),
loading PCYSiO, samples, respectively. and the partially or totally hydrolyzed systems Pgjai)

For some sampledP CP-MAS and DP-MAS experiments (V) or HsPOy(ad) (i.e., OP(OHYad)) (IX). PCk is known
were carried outwithout 'H decoupling. No substantial ~ t0 exist in its crystalline form as a combination of the two
differences in the spectra (not shown here) were found in ions PCk*(IA) and PCE~ (IB), which have previously been
comparison to corresponding experiments carriedvaith observed by solid-staféP NMR!" Also, *'P NMR experi-

H decoupling.3'P chemical shift assignments, as well as ments have been reported osR®,° and POC{’ adsorbed
their bases, are summarized in Table 1. For each type ofon silica surfaces.

PCk/SiO, system studied, NMR spectra were obtained under ~ The next level of simplicity in species expected on the
conditions in which HO exposure was controlled by various surface of a PGISIO;, system is represented by structures
details of the experiment, e.g., the environment of sample in which a P-Cl moiety and a HSi moiety are replaced
storage and the MAS drive gas. by a P-O—Silinkage via a condensation process that splits

In two key sets of experiments on REiO, systems with ~ out HCI, e.g.
different PcySiOZ ratios, exposure to water (from air) was Si—O—H + PCL — Si—0—PCl, + HCI 1)
slow but deliberate. In these experiments, each sample was | I
retained in the capped MAS rotor under air (including air as
the MAS drive gas) for various periods of time, then under where the symbol Si” represents a silicon atom at the
conditions in which the sample was exposed t®Hnuch surface, e.g., in a silanol moiety with three other covalent
more efficiently (i.e., in the uncapped MAS rotor in a bonds to oxygen atoms not shown. In the event that

Inorganic Chemistry, Vol. 45, No. 15, 2006 6075
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DP v cP mv V! in a dried PGJSIO, reaction mixture that has not been
v v v subjected to extensive evacuation (Figure S2). In addition,
| ] L/\-\fu,vm i N a %P signal due to P@ad) was observed in a P3O,
after evacuation sample for which more scrupulous measures were used to
exclude HO (vide infra).
There is no evidence of POAd) (V) or lPOy(ad) (1X)
in the DP-MAS or CP-MAS'P spectra of 0.077 PE8iOH
‘ J\ B samples (Figure 1) that had never been exposed intentionally
—/NA——— B \\M to H,O (samples ae of Figure 1). However, there are strong
:1 peaks in these samples identified with speciesSit;O—
J___JUL“_ 13h \\_\__ ) PCl, (ca. 15 ppm) and Il §i—O—),PCk, ca.—4 ppm) or
i U\, 1on \_f\w u IV ([ Si—O—PCk] 20, ca.—4 ppm). These peaks dominate
A oo o both the DP-MAS and CP-MASP spectra of samples that
h ,JU\, 6h \,\_ CI‘ were stored in the capped MAS rotor for the shorter periods
f of time (<48 h) and, for the peak due to species Ill and/or
: A an ) . e IV, persist for much longer periods. In addition to the peaks
f AA 2h AN | T identified with species Il, Ill, and (possibly) IV, also present
. I pioh \”\M: ' in the 3P MAS spectra of 0.077 P/SiOH samples stored in
T e . a capped rotor for longer times 06 h), is a peak at-24
d N 168 h LA\ i M ppm identified with bridged and hydrolyzed specieSi—
. N - A 0—),P(O)OH (VII) and/or Bi—O—P(O)OHLO (VIII), and
— %h ~ ~— a shoulder at-12 ppm identified withSi—O—P(O)(OH)
b A A 48h A\ Mk o (VI). One can envision these kinds of species to be formed
a \ {L f, by hydrolysis processes of the following types, based on
— T —— oh ==k \"MMT r water that is somehow made available, e.g., by the release
50

-50 50 0 -50 ¢ ) H _ri . .
31p Ghemical Snift (obrm from 85% HyPOy) of ‘trapped’ water or leaking through O-rings inside the MAS
Figure 1. 80.86 MHz 3P MAS NMR spectra, obtained with direct
polarization (DP) on the left and with cross polarization (CP) on the right, A .
of a PCHSIO; system (P/SiOH= 0.077) with various sample histories. (a) [SI S PCH 20 + 4H20
Initial dry reaction product; (be) after storage in a capped rotor in air for I

rotor:

the periods indicated; {fk) after storage (uncapped) in a humidifier for [Si—O—P(O)OHLO + 6HCI (4)

the indicated periods; (1) after sample k was evacuated (®-2 Torr) for VIII

12 h. Each_ DP spectrum: 1000 repetitions. Each CP spectrum:—1000

9000 repetitions. (Si—O—)ZPCls +2H20 .

geometrical constraints on the relevant chemical structures il .

permit it (vide infra), a second-PCI bond of the attached (Si—0-),P(O)OH+ 3HCI (5)

—0O—PCl, moiety may react with an adjacent silanol group Vil

to generate a bridging structure: Si—0—PCl,+ 3H,0 — (Si—-O—P(O)OH), + 4HCI  (6)
Il Vi

Si—O—PCl, + Si—O—H — (Si—0—),PCL + HCI (2)
Il 11 There are also major differences between the relative

. ) ) . intensities of peaks due to moieties Il and Il and/or IV in
An alternate mode of bridging might be accomplished in 1o pp_MAS and CP-MAS spectra. The unbridged species

the following manner: () is favored under the conditions used in the DP-MAS
2Si—O—PCl. + H.O — [Si—O—P(CW)1.0 + 2HCI (3 experiments, and conversely, the bridged specss@®—
4+ HO |v( Wl 3 )2PCk (I1l) and/or [Si—O—PCk],0 (IV) are favored in the
spectra derived from CP-MAS experiments. This observation
This kind of process would require some source gbHvide is consistent with the dependence of DP-MAS intensity on

infra). Higher-level bridging, i.e., toSi—0—)3;PCl, is not 31p spin-lattice relaxation, which requires a spectral density
expected because of severe geometrical constraints at thef time dependence near the Larmor frequency (more likely
silica surface (vide infra). to be present in unbridged structures) and of CP-MAS
P/SiOH = 0.077.3'P NMR Results.Figure 1 shows DP-  intensity onH—3P cross polarization efficiency, which
MAS and CP-MAS*'P NMR spectra of a PE@BIiO, (P/SiOH requires astatic component of theéH—3'P dipole-dipole
= 0.0.77) system after the initial reaction. There is no interaction (more likely in a bridged system). This explana-
evidence of the existence of RGh the 3P MAS NMR tion is qualitatively borne out by the relaxation data sum-
spectra of the dried (evacuated) reaction product (a) repre-marized in Tables 2 and 3 fétP T, and forTyp andH Ty,
sented in Figure 1 (or in Figure S3), although signals due to values, respectively.
PCk~ and PCJ" are readily observed by DP-MAS in a 31p T, values were measured via the inversion recovery
crystalline sample of Pghnd physisorbed P¢€is observed method and show thdt for Si—O—PCl, is, in each sample

6076 Inorganic Chemistry, Vol. 45, No. 15, 2006
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Table 2. 3P T; Values (s) for the P/SiOH= 0.77 Systerh

sample HPOs(ad) POCi(ad) Si—O—PCly (Si—0—),PCk° Si—O—P(0)(OH) (Si—O—2P(0)OH
dried reaction product 0.87 8.3 6.5
humidified 1 h 1.4 5.3
humidified 2.5 h 2.4 2.0 2.2 3.9 2.0 2.7
humidified 5 h 1.2 1.2 1.4 2.1
humidified 10 h 1.0 1.1 1.7

aDetermined by inversion recovery experiments. Uncertaigtya% ° Possible contributor: §i—O—PCk],O ¢ Possible contributor: §i—O—P(O)OHLO.

Table 3. H—31P CP Parameters (ms) for the P/SiGH0.77 Systerh

HaPOx(ad) POCH(ad) Si—-O—PCl, (Si—0—),PCkP Si—0—P(0)(OH} (Si—0—),P(0)OH
sample Thp, T1pM Thp, T1pM Thp, T1pM Thp, T1pM Thp, T1pH Thp, T1pH
dried reaction product 11,49
humidified 1 h 5.9,61
humidified 2.5 h 2.7,35 0.89, 27 0.76, 33 0.54, 27
humidified 5 h 0.58, 17 0.73,6.2 0.48, 12 0.62 12 0.60, 7.6
humidified 10 h 2.3, 230 1.1,45 0.73, 22

2 Typ and T1,H obtained from variable-contact-time experimefitBossible contributor: §i—O—PCk],0. ¢ Possible contributor: §i—O—P(O)OHLO.

for which a comparison could be made, smaller than the a variety of hydrolysis processes, including the following

corresponding value folS(—O—),PCk or (Si—O—PCk).0.
The analogous comparisons in Table 3 for#He-3'P cross-
polarization time constantT(p), derived from variable-
contact-time CP experiments, shows it to be smaller$or (
0-),PCk than for Si—O—PCl,.

One can note from Table 2 that, with a small number of
exceptions, all of the measurétP T, values are less than
one-third of the recovery period (10 s) employed in obtaining
each of the DP-MAS'P spectra shown in Figure 1 (and in

types:

Si—0—PCl,+ 3H,0 — Si—O—P(0)(OH), + 4HClI
[ VI

(6)

(Si—0—),PCl + 3H,0 —
[
Si—0—P(O)(OH), + Si—OH + 3HCI (7)
Vi

Figure S3). Hence, the displayed intensities should be [Si—O—PCL],0 + 5H,0 — 2Si—O—P(0)(OH), + 6HCI

proportional to the corresponding chemical populations

within about 5%. Accordingly, if the few substantidl
corrections are made, i.e., for species Ill (or IV) and VI,
then all of the DP-MAS spectra shown in Figure 1 (or Figure

S3) have total intensities that are within about 10% of each
other. Analogous statements can be made for intensities of

the CP-MAS3'P spectra in Figure 1 (or Figure S3), but in

this case, that near equivalency is not directly reflected

visually in the spectra shown.

It should also be noted that no spinning sidebands are seen
in the spectra of Figure 1 because no isotropically averaged

31P NMR peaks occur outside the 50+&0 ppm chemical
shift range displayed and the spinning sidebardéy ppm)

v \

8
Si—O—-PCl, + H,0 — Si—O—PCLOH+ HCI  (9a)
Il
Si—O—PCLOH — Si—OH + POCl(ad) (9b)
\Y
POCL(ad)+ 3H,0 — OP(OH)(ad)+ 3HCI  (9c)

\% IX

Si—OH + OP(OH)(ad)— Si—O—P(O)(OH) + H,O (9d)
VI

are outside that range. Nevertheless, the intensities of these As the HO exposure period is increased, one also sees a

sidebands, which were5% for the DP-MAS?3!P spectra
and <15% for the CP-MAS'P spectra, must be taken into
account in all numerical intensity comparisons.

The effect of exposing the PZ$iO, sample (P/SiOH=
0.077) to moisture in a humidifier is apparent in the
corresponding*P DP-MAS and CP-MAS spectra of Figure
1 (f—k). From the DP-MAS spectra of Figure 1, one sees

monotonic increase in a peak due to physisorbg@i® (1X)
at about 0 ppm and an initial increase and subsequent small
decrease in the peak at25 ppm assigned taS{—0—),P-
(O)OH (V1) and/or [Si—O—P(O)OHLO (VIII), while the
peaks associated with surface-attached moieties containing
P—ClI bonds (Il, 11, IV) are reduced to zero.

Again, there are dramatic differences in relative intensities

that exposure to moisture leads first to the appearance (f, 2between corresponding DP-MAS and CP-MAB spectra.
h exposure) and subsequently to a decrease, for longerFor species VIl and/or VIII, which generate only weak peaks

exposure periods, of peaks at about@bppm and at about

in the DP-MAS spectra, the corresponding CP-MAS

—11.5t0—12.5 ppm; these peaks are assigned, respectively,peaks are very strong in the®-exposed samples. The peak

to physisorbed POgI(V) and to the surface-tethered and
substantially hydrolyzed speciedi—O—P(O)(OH} (VI), the
generation of which can be visualized formally in terms of

due to physisorbed 0O, (IX), which dominates the DP-
MAS spectra of PGISIO, (P/SIOH = 0.077) samples
exposed to water vaporif@ h ormore, maps into a strong,
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Figure 2. 39.68 MHz2%Si MAS NMR spectra, obtained with DP on the
left and with CP on the right, of a PZ8iO, system (P/SiOH= 0.077)

with various sample histories, as indicated according to the letters explained
in Figure 1. Bottom spectra correspond to unreacted silica gel. Each DP
spectrum: 3000 repetitions. Each CP spectrum: 2QBDO repetitions.

4120 -140 160

but not dominant, peak in the CP-MAXP spectra. Since
the DP-MAS 3P experiments were carried out under
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ppm due to silicon atoms attached via oxygen bridges in
linkages to four other silicon atomSj(OSi), or Q4; a strong
peak at about-99 ppm due to silicon atoms attached via
oxygen bridges in linkages to three other silicon atoms and
attached to one OH moiety, HEOSi);, or Q; and a weak
peak/shoulder at about89 ppm due to silicon atoms in
environments of the type (HgBi(OSi), Q.. Of course, in
the current study, &—OH moiety might be replaced by a
Si—O—P moiety, which should change tfiSi chemical shift
by about—7 ppmi2i.e., the single-silanol sites would change
to about—106 ppm and the geminal silanol sites to about
—96 ppm. As is well known from numerous publications,
the Q peak dominates in DP-MAS spectra (by virtue of
having the largest population), whereas thg@ak is largest
in CP-MAS spectra because this moiety has the largest
population of silicon atoms in close proximity to protons
and thereby is most efficiently cross polarized.

One sees some changes in the DP-M28 NMR spectra
in progressing through the sample history (&))@n Figure
2: A slight decrease in intensity (¢ a) for the—89 and
—99 ppm peaks reflects the formation®f-O—P linkages
at the correspondini—O—H sites; this kind of reaction
would change theé®Si chemical shift by—7 ppm. After
hydrolysis, the—89 and—99 ppm peaks begin to recover

conditions for which the integrated intensities should be graqually, due to the detachment of phosphorus-containing
nearly quantitatively reflective of the chemical populations, oieties from the silica surface as P@@tl) and HPO; (ad).

the dramatic DP vs CP intensity differences apparent in the The phosphorus-containing species re-attach to the silica
spectra are due mainly to differences in the efficiency of gyrface to form species VI and VIl by evacuation, as shown

the cross polarization process, reflecting mainly differences py the decreasing intensities of th@9 and—99 ppm peaks

in species mobility and the abundance of nearby protons. (k — 1). The only change apparent in the CP-MAS spectra

A small peak at about-36 ppm is seen in the CP-MAS
31p spectra of samples h and i in Figure 1. This peak is
tentatively identified as due to polyphosphate speties.

The topmost spectra shown in Figure 1 (I) were obtained
on a sample that was generated by pumping (B02 Torr)
on a sample (k), produced from the BSIO, sample by

exposure to water vapor for 33 h. One sees that sample

evacuation dramatically reduces the concentration of phys-
isorbed HPO, and markedly increases the concentrations
of Si—O—P(O)(OH} (VI) and (Si—0O—),P(O)OH (VII) and/

or [Si—O—P(O)OHLO (VII).

Analogous®'P MAS results obtained on a R3O, (P/
SiOH = 0.77) sample (Figure S3) show peaks at essentially
the same chemical shifts as seen in Figure 1, although with
a different set of relative intensities as a function of storage
time and conditions.

P/SiOH = 0.077.2°Si NMR Results. Figure 2 displays
the 2°Si DP-MAS (left side) andH—2°Si CP-MAS (right
side) 2°Si spectra obtained on the samples-Ijathat
correspond to thé'P NMR spectra of Figure 1 (plu¥Si
NMR spectra of the starting silica). The spectra shown in
Figure 2 display the familiar patterns known for high-surface-
area silica samplé$;!11314 e., a strong peak at aboutl 09

(11) (a) Maciel, G. E.; Sindorf, D. WI. Am. Chem. So0&98Q 102 7606
7607. (b) Sindorf, D. W.; Maciel, G. EJ. Phys. Chem1982 86,
5208-5219.

(12) Crutchfield, M. M.; Dungan, C. H.; Letcher, J. H.; Mark, V.; Van
Wazer, J. R-Topics in Phosphorus Chemistrwiley: New York,
1967; Vol. 5.

6078 Inorganic Chemistry, Vol. 45, No. 15, 2006

is an increase in Qintensity, relative to @ intensity, for
the earlier stages of deliberate® exposure (samples+
i).
29Si MAS NMR results were also obtained on the #ClI
SiO; (P/SIOH= 0.77) system (Figure S5). Qualitatively, the
results for the P/SiOH= 0.77 samples are similar to those
of the P/SIOH= 0.077 system, but significant differences
can be found (Supporting Information).

Chemical Interpretations. Phosphorus pentachloride
reacts violently with water to form phosphoryl chloride and
eventually orthophosphoric acid, which can be interpreted
according to the following sequence of reactidhs:

PCL + H,0 — CI,P—OH -+ HClI (10a)
Cl,P—OH — POC}, + HCI (10b)

POC, + H,0 — HOP(O)C, + HClI (11a)
HOP(0)C}, + H,0 — (HO),P(O)Cl+ HCl  (11b)
(HO),P(O)Cl+ H,0 — (HO),PO+ HCI  (11c)
POCI, + 3H,0 — H PO, + 3HCI (11)

Species of the type EIP(Cl—OH, HOP(O)C4, and (HO)P-
(O)CI are presumably highly reactive and have apparently
not been observed directly in this study or in previous studies.

(13) Sindorf, D. W.; Maciel, G. EJ. Phys. Chenl983 87, 5516-5521.
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Figure 3. Various views of a hydroxyl-terminated 11]plane of the
[-cristobalite crystal structure. (AB), top views, looking down at th& 114
type plane. (G-E) side views, looking ‘into’ thd111Gtype plane. Filled
circles represent silicon atoms; open circles represent OH groups. (B)

Silicons situated at each intersection (the hexagon is darkened to indicated

the relationship between a silicon and its six nearest-neighbor silicons);
(A) hydroxyl group pointing up is situated on top of each silicon in this
plane. (E) Shorthand notation for a side view of a hydroxyl-termingtéd]
plane single silanols represented as short terminal lines.

It is a reasonable supposition that PChn react with
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Figure 4. Various views of a hydroxyl-terminated 00&type plane of
the8-cristobalite crystal structure. (A) Top view, looking down at (604
type plane, with the silicon atoms of geminal silanols as filled circles and
hydroxyl groups as open circles (oxygen bridges not shownyqBSide
views of a hydroxyl-terminated100Cplane with geminal silanols. (C)
Shorthand notation for a side view of a hydroxyl-terminaf2d0plane

nd its geminal silanols in the same row in (A), with dotted lines indicating

silanol groups on the silica surface in a manner representecﬁydrogen bonds.

in eq 1 to form species of the typ8j—O—PCl, (II). In the
absence of a ready source of a sufficient quantity of water
to produce POGIfrom Si—O—PCl (ll), we expect that
species Il will persist for some time and be observed readily.
It is interesting to examine the fate 8i—O—PCL moieties
in the environment of a silica gel surface on which hydroxyl
groups of silanols cannot move freely on the surface in a
manner similar to motion of physisorbed®l. To make this
examination and before discussing the reactions of BRI
the silica surface in detail, it is beneficial to review the
geometry and distribution of silanols on the silica gel surface.
In terms of a silica surface model that is based on
hydroxyl-terminated planes of th@g-cristobalite crystal
structure?’ single silanols (§ and geminal silanols (are
situated on111Gtype and1004type planes, respectively.
On the same hydroxyl-terminatéd11plane, each single
silanol is surrounded by six other single silanols, each at
the corner of a regular hexagon, with a-@ distance of 5

single silanols. This structural situation is shown in Figure
3. The 5 A O--O distance prevents a hydroxyl group of the
type shown in Figure 3 from forming a hydrogen bond with
any of its nearest-neighbor hydroxyl groups, and the hydroxyl
group can rotate freely about t&&-0O bond approximately,

as indicated in Figure 3D, which is a side view into fhé&13

type plane; a corresponding shorthand notation is shown in
Figure 3E.

As shown in Figure 4, each silicon of a geminal silanol
on the[100=type plane is separateg 5 A from the silicon
atom of an adjacent geminal silanol. While the two hydroxyl
groups of agiven silanol are not oriented suitably for
hydrogen bonding with each other, Figure 4B shows that
the O--O distance between a pair of adjacent hydroxyl
groups, tilting toward each other, on neighboring geminal
silanols is 2.3 A; and the pair of geminal hydroxyl groups is
hydrogen bonded to each other. Figure 4C represents this

A between each pair of nearest neighbors of these severrelationship in a shorthand notation.

(14) Sindorf, D. W.; Maciel, G. EJ. Am. Chem. S0d.983 105, 3767
3776.

(15) Pines, A.; Gibby, M. G.; Waugh, J. $.Chem. Physl973 59, 569—
590.

(16) Wang, X.; Coleman, J.; Jia, X.; White J. L. Phys. Chem. B002
106, 4941-4946.

(17) Andrew, E. R.; Bradbury, A.; Eades, R. G.; Jenks, ®lature196Q
188 1096-1097.

(18) Niida, H.; Tokuda, Y.; Takahashi, M.; Uchino, T.; Yoko, J..Non-
Cryst. Solids2002 311, 145-153.

(19) Mitchell, R. A.J. Chem. Soc., Dalton Tran&997 6, 1069-1073.

(20) Chuang, I. S.; Maciel, G. B. Phys. Chem. B997, 101, 3052-3064
and references therein.

The surface of silica gel is rough, instead of a smooth
surface that consists of just11Etype or[1004type planes.
Our current view of the structure of the silica surface
emphasizemtersectionshetween these two different types
of planes. Figure 5 shows a few examples of concave and
convex intersections dfl 114type and/oi100Etype planes
in shorthand notation.

Turning attention back to the fate of tH&i—O—PCl,
moiety (Il) formed from the reaction of PEWith silanols,
one can easily predict the circumstances in which type-lI|
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Figure 6. Representations of surface geometries that could accommodate
bridged structures on the surface &) Surface features permittin&it-
0),PCk bridges. (D) A surface feature that would pern8i-¢ O—PCk),0
Figure 5. Shorthand representations of some possible kinds of intersections bridges.

between [1113Etype and/or [100Gtype S-cristobalite planes, showing

hydrogen bonding as dotted lines. and Figure S9 of the Supporting Information. As seen in

these figures, bridged structures of tt&-(0O—),PCk type
moieties are able to interact with a neighboring silanol, can form only between (pre-phosphorylated) silanol sites that
according to reaction 2, to produce the bridged specgis, ( are close enough to be mutually hydrogen bonded. A
O—),PCk (Ill). Geometrical factors (reasonable bond angles structure of the type depicted in Figure 6C might be unlikely
and bond lengths) severely constrain the formationSof( because its formation would require a highly reactive species
0O—),PCk to thoseSi—O—PCl, groups that were formed  (PCk) or its partially reacted surface analog&-O—PCly)
from silanols capable of hydrogen bonding. Geometrical to move across a large number of silanols (vida infra). More
modeling (e.g., Figure S7 in the Supporting Information) likely are structures, like those depicted in Figure 6A and
shows that if the initial silanol was not hydrogen bonded, B, involving at least one geminal silanol precursor.

then the shortest-PO distance between the resultifg— The majority of hydrogen-bonded single silanols are
O—PCl, moiety and a neighboring silanol is 3.8 A, which is located at the concave intersections of i 1-type planes
too large to permit formation of a second-P bond. (Figure 5e). Each pair of hydrogen-bonded single silanol

Geometrical constraints also preclude the formation of a forms only one $i—O—),PCk linkage (Figure 6C). On the
species such aSi(—0—),PCk from the two hydroxyls of other handeachof the two hydroxyl groups of hydrogen-
an individual geminal silanol. bonded geminal silanols can form or&-{O—),PCk group

As one would expect from the orientation of single silanols with its hydrogen-bonded partner (as predicted from the
represented in Figure 3a,b, geometrical modeling (Figure S8geometrical arrangement of geminal silanols represented in
in Supporting Information) indicates that sev@8ix-O—PCl, Figure 5), i.e.,eachgeminal silanol can consume one PCI
moieties can be formed in close proximity with each other, unit stoichiometically, while apair of hydrogen-bonded
on neighboring norydrogen-bondedsingle silanol sites,  single silanols (Figure 5e) can consume only onesR@it
although they require some special orientations to fit. Each to produce species of type III.
of the original single silanols is surrounded by six nearest-  In terms of thermodynamic reactivity, we note that if PCI
neighbor single silanols in the saridel 1lGtype plane (Figure  reacts with a hydrogen-bonded silanol, a hydrogen bond must
3a); after the central silanol is converted3p-O—PCl, the be broken, but aftei—O—PCl, is formed, it can form the
formation of neighboringSi—O—PCl, groups may be  stable bridged species lll, with two-€P bonds, providing
substantially slower due to steric hindrance. We expect thata major energy advantage. In terms of kinetic reactivity
all of the Si—O—PCl, moieties formed from non-hydrogen- considerations, in order for P£io react with a hydrogen-
bonded silanols persist, pending other interactions, such ashonded single silanol (Figure 5e), the P@lust travel across
hydrolysis (vide infra). or near numerous non-hydrogen-bonded silanols without

When PC{ reacts with the hydroxyl group offaydrogen- reacting in order to reach the hydrogen-bonded single
bondedsilanol, the bulkySi—O—PCl, group that is formed  silanols; one can expect the probability of this kind of
will sterically prevent the formation of a secol@—0O— situation to be small. Furthermore, if any of these non-
PCl, moiety on the site of its hydrogen-bonding partner. hydrogen-bonded silanols have already reacted with Cl
Instead, theSi—O—PCl, moiety formed from a hydrogen- become bulkySi—O—PCl, moieties, that situation may
bonded silanol can interact with the hydrogen-bonding provide a steric barrier for the otherwise mobile P@its
partner of the pre-phosphorylated original hydroxyl group to reach and react with the hydrogen-bonded single silanols.
(as seen in Figure 4a for pre-phosphorylated geminal On the other hand, if the formation &i—O—PCl, groups
silanols), to produceSi—0—),PCk (lll) because the bond from single silanols (eq 1) is a highly reversible reaction,
orientations and #-O distance are ideal for the formation the Si—O—PCL moieties may migrate along th&113type
of Ill, as predicted by geometrical considerations manifested surface with its array of single silanols and the eventual
in geometrical modeling and represented in Figure 6(a,b,c) formation of more stableSi—0—),PCk moieties on the pre-
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phosphorylated, hydrogen-bonding silanol sites (Figure S9) A priori, there are some conditions that could lead to
will be favored. detectable POGlpopulations (e.g., peak V in Figures 1 and

Observing the trend iftP MAS NMR results of the 0.077  S3), perhaps by transformations such as the reaction shown
P/SiOH sample in going from a to e in Figure 1, it is tempting in €d 9b. However, as discussed above, the appearance of
to entertain the view of 8i—O—PCL moiety migrating along ~ POCk(ad) appears to require ready access10Ke.g., in a
non-hydrogen-bonded single-silanol sites and reaching ahigh-humidity environment). POEIs unlikely to be pro-
hydrogen-bonded single-silanol site (e.g., Figure 5e) to form duced by the reactions depicted in eq 14, which involve
the stable species III. This possibility and the steric influence cleavage of th&iO—P linkage prior to hydrolysis of a-FCl
brought about by the formation of bulkgi—O—PCl moiety; this is opposite to the order of bond breaking in the
moieties can be viewed in terms of data obtained under S€quence represented by egs 9a and 9b, considered here to
conditions of more effective ¥D exclusion (such as those Pe a more likely sequence.
presented in Figure S2). Figure 1 (a-e) clearly indicates th&i—O—PCl, (I, ~14

From Figure 1, as well as Figure S13 in the Supporting ppm) gra_dually converts tdj-O—PCL[0 (IV, —4 ppm)
Information one can see that the time scales for converting and/0r §i—0—).PCk (Ill, —4 ppm) and some advanced
the peak at about 14 pprSkO—PCl, I1) to a peak at—4 hydrolytic products such as ph_osphorlc acid (0 pp8i);
ppm (Il and/or 1) is about 20 times slower for the rotor- ©~P(O)(OH} (VI, =12 ppm), Bi—O—P(O)(OH)}O (VIil,

contained sample stored in a drg-tovebox relative to the —25 ppm), ?nd/0r$i_—0—)zl?(0_2cOII-ll (PYIL —25 ppm). With
rotor-contained sample in air. On this basis, it appears that® 0.077 molar PGISIOH ratio, if all the PC were to react

at least 95% of the change #P DP-MAS NMR spectra with either non-hydrogen-bondeq silanols to foEBth
from a to e in Figure 1 is due to hydrolysis 8F~O—PCl, PCl, or (to a much lower extent) with hydrogen-bondidg

moieties brought about by water that slowly leaked through OH to form (S"O_')ZPCE’ we WO.UIC.i expect that a predomi-
the O-ring seals in the MAS rotor instead of the in situ Nant portion ofS—O—PCl, moieties would have at least
conversion ofSi—O—PCl, to (Si—0-); PCk as discussed "¢ nearest-neighb@i—O—PCl, moiety within a distance
above. A reasonable candidate for thgOryenerated-4 of abou 5 A (especially since the steric bulk &i—O—
ppm peak of Figure 1 isSi—O—PCh),0 which, like moiety PCl groups will likely render their distribution on the surface
I, is a bridged structure but in this case involving two relatively uniform. IfSi-O—PCL, groups are distributed on

phosphorus atoms in the bridge (e.g., as represented in Figur he surface complet.elyml_formly, only 48% of them will
S10). ave one nearest-neighl®ir-O—PCl, on average. However,

. . - . arandomdistribution of these groups can result in a majori
The first step that one might envision for the hydrolysis group jority

f Si_O_PC he sil ; i sh . of them having one such nearest neighbor). Under such
or Si= —PCl on the silica surface is shown in eq 9, circumstances, it is reasonable to speculate that, assuming
leading to the formation di—O—P(Cl—OH (XI). The fate Si—O—P(CI%OH is formed by hydrolysis oSi—O—PCl

of such a species (XI) on the silica gel surface is an (g ga) the latter will react with it§i—O—PCL neighbor
interesting subject. Several possible reactions can be POStUy form (Si-0—PCk),0 (eq 12). According to this scenario,

lated for species )§I, for gxgmple, eq 9b. |e.ads to Pl the formation of POGI(eq 9b) would become a much less
or reaction with neighborin§i-O—PCl, moieties or a second important process due to the high reactivity SF-O—
(neighboring)Si—O—P(Cl);—OH group: P(CI)0OH toward neighboringi—O—PCl, moieties. Figure
. . S10 of the Supporting Information shows the results of
S'_O_F;((IC|)3_OH + S'_O”_PCL"_' geometrical modeling for &8(—0—PCk),0 (IV) moiety on
. the [111Gtype plane of a silica surface.
(S|—OI—VPCE)2O +HCl (12) In an unsuccessful attempt to demonstrate unequivocally
the presence of species, such as IV and VIII, which contain
P—O—P linkages, an extensive series of Cdpurcel
Meiboom-Gil experiments were carried otit.>* Presumably
2Si~0—P(Cl);—OH — (Si-O—PCL),0 + H,0 (13) because of some combination of effects, including the
X| v presence of nearby chlorine nuclear magnetic moments and
more than one nearby phosphorus, no clear evidence of
distinct dipolar couplings was obtained (clear dipolar patterns
were observed by the same technique on three model
systems).

or

Species of type Xl, which, as far as we know, have not
been detected directly in thed® NMR experiments, might
also interact with additional ¥ to produce reaction products
of more advanced stages of hydrolysis. One possible altemaSummary and Conclusions
tive transformation of species Il by water, as shown in eq

14, is considered to be unlikely due to the susceptibility of ‘P NMR is exquisitely sensitive to details of the complex
P—Cl bonds to attack by bO. chemistry that occurs when RCE adsorbed on a silica

AN Qi _ (21) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630-638.
Si—O—PCl, + H,0— Si—OH + HO—PCl, (143)  (55) Meiboom, 5.: Gill, DRev. Sci. Instr.1958 29, 688-691.

(23) Englesberg, M.; Yannoni, C. 3. Magn. Resonl99Q 88, 393-400.
HO—PC|4—' POCE + HCI (14b) (24) Ulrich, A. S.Prog. Nucl. Magn. Spectros2005 46, 1—21.
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