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Abstract: The hydrothermal synthesis of the large-pore oxy-fluorinated gallophosphate ULM-5 has been
followed in situ using time-resolved energy dispersive and angular dispersive X-ray diffraction. A variety of
synthetic parameters such as temperature, reagent stoichiometry, source materials, and pH have been studied,
and their effect on the crystallization determined. The nature of the phosphorus source used, either
orthophosphoric acid or phosphorus pentoxide, is found to have a profound influence on the reaction pathway.
Using orthophosphoric acid, ULM-5 is found to form very rapidly following a short induction period. A kinetic
analysis of the crystallization of ULM-5 using orthophosphoric acid under isothermal hydrothermal conditions
has been performed. Comparison of the experimentally determined extent of reagtieergus time data

with those predicted by various theoretical models indicates that over a wide range of temperatures and pH
the crystallization can be modeled by a three-dimensional diffusion-controlled process. This process occurs at
a rate essentially independent of temperature and pH. In contrast, using phosphorus pentoxide, the formation
of ULM-5 is found to proceed via the formation of either of two distinct crystalline intermediate phases,
which subsequently react to form the ULM-5 final product at a rate which is strongly dependent on temperature.
The relative quantities of each intermediate phase formed depend critically on the precise reagent stoichiometry
used. Conditions have been identified in which ULM-5 can be formed exclusively via either intermediate
phase. The mechanism of transformation of intermediate to product phases appears to be either a direct solid
solid transformation, or via the dissolution or amorphorization of only a small quantity of material at the
surface of the intermediate crystallites.

Introduction particular molecular sieves are synthesized under certain specific

reaction condition§;? in general, the complexity of hydrother-

terials, crystalline materials containing ordered arrays of regu- mal cry_stalhzatlons_ has led to great dlfflculty_ln tryln_g to
ascertain the details of the processes occurring during the

larly sized and shaped pores and channels of molecular - .
y pec P ormation of these materials. Although progress has recently

dimensions, are synthesized under hydrothermal conditions haif) 4d%11the lack of a fund tal understandi fth
been described as one of the greatest challenges facing today’ €en maade, € lack of a flundamentaf understanding of the
mechanisms by which molecular sieves are formed means that,

experimental chemisfsHydrothermal crystallizations are mul- ! - : .
in general, the rational a priori design of a new molecular sieve

ticomponent heterogeneous reactions in which a plethora of o . . . . .
interactions, chemical equilibria, reactions, and nucleation and materlal W'.th predeS|gnqu physical properties remains an elusive
growth processes are taking place throughout the reactiongoalI n SOI'(.j'State materials chgmlstry. ansequently, to daj[e,
medium, many of which are interdependent and change with the s_yn_the5|s O.f new mol_ecular sleve mat_enals has peen a mainly
heuristic exercise involving the systematic exploration of a very

time 23 To further complicate matters, it has been conclusively largen-dimensional reaction Besides being tim nsum
demonstrated that there is no universal crystallization mechanism> 9€ ensionafreaction space. besides being ime-consu

for molecular sieves; different molecular sieves crystallize via ing and inefficient, such a process requires a large degree of

different mechanisms, and the same molecular sieve can beserendipity for the successful synthesis of new, pure phase

crystallized via different mechanisms depending on the reaction materials, and_the degree pf C.OerI over the ph_ys_ical properties
conditions employedS Hence, although careful experimental of the synthesized phase is limited at best. This is unfortunate

studies have revealed details of the mechanisms by which (5) Bodart, P.; Nagy, J. B.; Gabelica, Z.; Derouane, E).Ghim. Phys.
Phys.-Chim. Biol1986 83, 777.
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given the very broad range of industrially and academically Pressure

Transducer

important materials chemistry applications, including hetero-

geneous catalysig,ion exchange, and gas separation, for which Pressure Relief

these materials are used. A more thorough understanding of the

kinetic and mechanistic processes occurring during the synthesis o

of these materials leading to more rational, targeted syntheses Dk

would therefore be of great value. B - k.
A very powerful and efficient way of probing the processes Yy D racred §§

occurring during the formation of microporous phases is to EnergyDiscriminmim

perform in situ studies of their formation in real time, under Petecter

actual laboratory synthetic conditiof$® In situ studies have

two major advantages over conventional “ex situ” studies that

involve the periodic quenching of the reaction, followed by

product workup and analysis. First, in situ techniques allow

reactions to be studied underormal laboratory reaction

conditions This avoids the constant concern with ex situ

experiments that the reaction may be affected by the workup :

and analysis process, and that the species observed in thesEigure 1. Schematic diagram of the experimental apparatus used to

experiments are not representative of the species present in thetudy hydrothermal reactions in situ using time-resolved energy

reaction mixture at the time of quenching. Second, in situ dispersive X-ray diffraction on station 16.4 of the SRS, Daresbury

experiments allow the continuous monitoring of the syntheses, Laboratory, U.K.

thus vastly increasing the quantity of data obtained per reaction ) ) ) o

relative to ex situ experiments which provide relatively few data. st0|ch|ometr|es_ for ea_ch experiment are detailed explicitly in the text

This advantage is of particular importance given the lack of a at the appropriate points. In general all syntheses were performed in

universal crystallization mechanism referred to earlier, which exactly the same way each time, although the experimental procedure
Yy ! used depended on the form of the phosphorus source. Using ortho-

has the consequence that each system and set of reactioBpogphoric acid, the appropriate quantity of gallium oxide (Aldrich,
conditions must be studied individuatha laborious and time- 99 9996) was added, with stirring, to a separately mixed solution of
consuming process using ex situ techniques. Further advantagege aqueous phosphoric acid (BDH, 85%), aqueous hydrofluoric acid
of in situ techniques include the ability to directly observe the (BDH, 40%), and water. The solid 1,6-diaminohexane (Lancaster, 98%)
formation of intermediate phases and their transformation to was added last, immediately prior to sealing the cell and beginning the
the product phase, the much increased time resolution, and thereaction. If phosphorus pentoxide was being used, the procedure was
ready ease with which the effect of changing reaction conditions modified slightly; in this case the phosphorus pentoxide (BDH) was
can be assessed. The application of in situ techniques to theddded last, after the 1,6-diaminohexane, immediately prior to reaction.

o _ Typically the total amount of reagents used in each reaction was5l

_ ; A L. cell was immediately sealed and introduced to the block, which had

We have been interested in studying the kinetics and peen previously heated to the desired reaction temperature. The cell
mechanisms of the formation of microporous materials by in was then kept at this temperature for the remainder of the reaction. In
situ diffraction techniques, and have described the developmentgeneral, the delay from mixing to introduction of the cell to the block
of a facility using energy-dispersive X-ray diffraction (EDXRD) was on the order of 3 min, and data collection was begun less than 1
for use on station 16.4 of the Synchrotron Radiation Source min later.
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(SRS), Daresbury Laboratory, UX.Recently we have been Energy Dispersive Diffraction Experiments. Time-resolved energy
studying the synthesis of a family of microporous oxy- dispersive X-ray diffraction (EDXRD) experiments were performed on
fluorinated gallophosphates synthesized byrefeand co- station 16.4 of the U.K. SRS at Daresbury Laboratory. Reactions were

workerd516denoted ULMn (wheren is an integer referring to performed in a hydrothermal pressure cell which we had previously
the order of discovery). Our in situ XRD studies on the UloM- desjgr_med for stgdying hydrothermal reactions using energy dispersive
family of materials have to date focused on one particular radiation* In this system a large-volume (ca. 30 Yrstainless steel

b ULM-5. W h detailed d £ th reaction cell is loaded with reagents, sealed, and heated to the desired
member, -5. We report here a detailed study of the o ion temperature under autogenous pressure. The main reaction cell

synthesis of ULM-5 under a variety of conditions of temperature, consists of a modified Parr Instruments stainless steel autoclave and
pH, reaction composition, and source material using in situ gauge block assembly. Over a 29 mm height range of the cell the wall
energy dispersive and angular dispersive X-ray diffraction.  thickness has been machined down to 0.4 mm to allow entry and exit
of the incident and diffracted beam with minimum loss of intensity.
Experimental Section The very high intensity of radiation available from synchrotron sources
in energy dispersive mode allows the X-ray radiation to penetrate the

) : i - I ) ] reaction cell and enables the collection of high-quality spectra using
described previously.Reaction mixtures of composition 16:xP;0s: acquisition times on the order of seconds. Accurate temperature control

THF:IDAHYH,0 (DAH = 1,6-diaminchexane), whete= 0.9-2.5 is achieved by placing the reaction cell in a solid aluminum block
and y = 80-240, were reacted under isothermal hydrothermal oqipped with cartridge heaters attached to a PID temperature controller.
conditions at autogenous pressures. Precise reaction conditions anth schematic diagram of the experimental apparatus is shown in Figure

Synthesis.ULM-5 was synthesized in a manner similar to those

(12) Venuto, P. BMicroporous Mater.1994 2, 297—411. 1. A detailed technical report of the desigr_l of the ceI_I and the sample

(13) Cheetham, A. K.; Mellot, C. FChem. Mater1997, 9, 2269-2279. environment control system has been previously published elsewhere.

(14) Evans, J. S. O,; Francis, R. J.; O'Hare, D.; Price, S. J.; Clarke, S.  Station 16.4 receives X-ray radiation from a wiggler magnet
M.; Flaherty, J.; Gordon, J.; Nield, A.; Tang, C. Rev. Sci. Instrum1995 operating at a peak field of 6 T. The usable X-ray flux is continuous

66, 2442-2445.

(15) Ferey, G.; Loiseau, T.; Riou, IMater. Sci. Forum1994 152 in the range 5120 keV, with a maximum X-ray flux of 3x 10%
153 125-130. o ' photon/s at approximately 13 keV. The position of the maximum
(16) Ferey, G.J. Fluorine Chem1995 72, 187—193. intensity at the detector is, however, shifted to higher energy on

(17) Loiseau, T.; Ferey, Gl. Solid State Cheni994 111, 403-415. introduction of the experimental apparatus, due to the absorption of
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g/geveir;g of t_he autogenous pressure of water at the reaction tempe_rature.
Typically the pressure applied was on the order of 20 bar. Heating of
quartz glass capilary (0.7 rm od) the reaction mixture to the desired temperature was achieved by
) applying a hot air steam to a small zone of the capillary as shown in
Incident Monochromatic . . .
X RayBeam Figure 2. The heated zone was approximately 5 mm while the X-ray
beam was defined by slits to be>2 0.7 mm. The X-ray beam was
Swagelock T-piece defined to be smaller than the heated zone to reduce problems of
| oy k temperature gradients and convection and diffusion. To try to eliminate
;"g;ge inZ < Nitrogen pressure proplems of sample settling and prgferred orient.ation, the samplg was
oscillated through an angle of 9during the reaction. Further details
of the experimental technique have been published elsewhgéfe.

The detector used for collection of the powder diffraction patterns
was a Translating Image Plate camera specially constructed for time-,
temperature-, and wavelength-dependent powder diffraction experi-
ments?® A 200 x 400 mm Fuji imaging plate was translated behind a
steel screen contairgna 3 mmvertical slit. In this way a continuous
set of powder diffraction patterns was recorded. The individual pixel
size on the image plates is 0: 0.1 mm. There are therefore 2000
individual pixels in the direction that the image plate is scanned. For
the purposes of data analysis the image plate was divided into 3.0 mm
wide strips by adding 30 pixels. Each experiment was performed over
a period of 3 h. Each strip therefore corresponds to ca. 3 min of time.

Before reaction, accurate values for the wavelength, zero point

Heating
Zone -

Pressure
applied

Figure 2. Schematic diagram of the experimental apparatus used to
study hydrothermal reactions in situ using time-resolved angular
dispersive X-ray diffraction on station X7B of the NSLS, Brookhaven
National Laboratory.

lower energy photons by the cell materials. Useful intensity could be
obtained above ca. 40 keV. After diffraction by the sample the diffracted
beam passes through a set of parallel collimating slits and then onto
an EG&G ORTEC solid-state detector. Data acquisition is based on
the “Pincer program W.h'Ch provides acommand Interpreter and alar_ge correction, and image plate tilt were obtained using ad-stndard
number of functions using macro command files. The station electronics 25 : !

. - - (NIST No. 660)%° Corrections were also made for fluctuations and
and data collection software were configured so that a series of spectra S } .

- . . decay of the incident X-ray beam by using monitor counts collected

could be recorded during the course of a reaction. Further details of
the station design, the energy dispersive technique, and the station
electronics and data collection software are described in more detail
elsewherd® 22 Acquisition times were chosen to be short enough to Results

be appropriate for time-resolved studies while still giving high-quality . . . .
individual spectra suitable for the accurate extraction of reflection ULM-5 was synthesized according to published techniques

intensities. In practice, acquisition times of-360 s were used. using reaction mixtures Of co_mposmon 1©8:xP,05:yHF:
Since the energf (keV) at which a Bragg reflection from planes  ZPAH:nH;O (DAH = 1,6-diaminohexane), whepe = 0.9—
of separatiord (A) is given byE (keV) = 6.19926/( sin6), a detector ~ 2.5,y = 1.7-2.3, z = 0.85-1.15, andn = 80-240. The
angle of 1.26-1.25 (20) was chosen for all experiments, which, given ~ phosphorus source used was either orthophosphoric agitiH
the energy profile of the radiation available on station 16.4 taking into or phosphorus pentoxide 4®s). Early in our studies we
account the absorption due to the cell, gives an obsendbjecing discovered that the nature of the phosphorus source had a
range of ca. 516 A. The highest observed spacing in ULM-5 is dramatic effect on the pathway of the reacti®iror this reason
144 A _ N it is convenient to discuss the results in two separate sections:
The reactions were performed under isothermal conditions. Accurate ,9se in which orthophosphoric acid was used as the phosphorus

temperature contro&_(l C) was a_chleved using the heating block and source, and those in which phosphorus pentoxide was used.
control system previously describ&dThe reactions were performed

by introducing the reaction cell to the preheated block. Introduction of _ Studies Using Orthophosphoric Acid as the Phosphorus

the cold thermal mass of the cell to the block causes an initial drop in Source. (a) Initial Energy Dispersive X-ray Diffraction

the temperature of the block of ca. 2€ and consequent small  (EDXRD) Studies. Initial studies using orthophosphoric acid

deviations from isothermal conditions. However, equilibration of the as the phosphorus source were performed using the reaction

block—cell assembly to the reaction temperature typically took less composition 1Gg03:1P,0s:2HF:1DAH:80H0, the composition

than 5 min, shorter than the induction times seen in these reactions.ysed in laboratory synthes&sHereafter this composition will
Angular Dispersive Diffraction Experiments. Angular dispersive  pe referred to as the “standard” reaction composition. The course

diffraction (ADXRD) experiments were performed on station X7B of ¢ 54 typical reaction performed at 18C is shown as a stack

the National Synchrotron Radiation Source at Brookhaven National plot in Figure 3, which displays successive EDXRD patterns

Laboratory?®-26 Aliquots of a reaction mixture prepared as described . . .
above were syringed into 0.7 mm quartz glass capillaries using athinner.c’bta'nEd during the synthesis of ULM-5 at 18D. After a short

capillary mounted on a syringe. The capillaries were mounted on a Induction time of approximately 11 min in which no diffraction
Swagelock fitting with a Vespel ferrule as shown in Figure 2. Pressure Peaks are seen, diffraction peaks corresponding to the Bragg
was applied externally from a nitrogen cylinder to a pressure in excess reflections of ULM-5 appear and grow in intensity, indicating
oIS B G Gordon G Boiencel96a 159 973 the crystallization of the ULM-5 final product. The main point
lessen, b. C.; Goraon, G. Bcienc . H H H i
(19) Clark, S. M.; Miller, M. C.Rev. Sci. Instrum.199Q 61, 2253 of note is theextremelyrapid nature of the crystallization once
2255, it has begun. The acquisition time used in this reaction was
(20) Clark, S. M.Rev. Sci. Instrum.1992 63, 1010-1012. just 30 s, yet within two spectra the product peaks have almost
(21) Clark, S. M.; Nield, A.; Rathbone, T.; Flaherty, J.; Tang, C. C.; regched their maximum intensity. Extraction of the intearat
Evans, J. S. O.; Francis, R. J.; O'Hare,Nlucl. Instrum. Methods, B995 .e ¢ e . u . ensty. ction of the integrated
97 98-101. intensities of the diffraction peaks for each 30 s spectrum was
(22) Clark, S. M.; Cernik, R. J.; Grant, A.; York, S.; Atkinson, P. A;  performed using an automated Gaussian fitting rowdfrend
Gallagher, A.; Stokes, D. G.; Gregory, S. R.; Harris, N.; Smith, W.; yielded the data shown in Figure 4, which plots the intensities

Hancock, M.; Miller, M. C.; Ackroyd, K.; Francis, R.; O'Hare, Mater. : ; ;
Sci. Forum1996 228231, 213-217. of the (011) and (002) reflections (the two intense reflections

between the incident beam defining slit and the sample.

(23) Norby, P.Mater. Sci. Foruml996 228 147-152. at ca. 40 and 47 keV) as a function of time.
(24) Gualtieri, A.; Norby, P.; Hanson, J.; Hriljac,d1.Appl. Crystallogr.

1996 29, 707-713. (27) Francis, R. J.; Price, S. J.; O'Brien, S.; Fogg, A. M.; O'Hare, D.;
(25) Norby, P.J. Appl. Crystallogr.1997, 30, 21—-30. Loiseau, T.; Ferey, GChem. Commuri997 521.

(26) Norby, P.J. Am. Chem. S0d.997, 119, 5215-5221. (28) Clark, S. M.J. Appl. Crystallogr.1995 28, 646-649.
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Another interesting feature of the data obtained from this

1600 reaction is shown in Figure 5, which shows a plot of the position
1400 [~ Area 011 of the (002) reflection of ULM-5 with time. A slight but definite
1200 E Area 002 shift of the peak position to lower energies is seen as the reaction
N . proceeds. This corresponds to a small (a change in energy of
1000 - t“i’z;(ol':e";[[ﬁg'to) D 0.3 keV is equivalent to a change dhspacing of ca. 0.1 A at
g r ¥ 0.0062 5! this angle) but significant shift to a highéispacing. This feature
< B00p n = 0.44 is reproducible and is seen for other diffraction peaks in the
600 |- spectra. Assuming this observation is not an artifact of the
4001_ instrumentation or the data analysis procedure, which seems
N likely given that similar effects have not been seen in any other
2005 syntheses, this implies that the cell parameters of ULM-5
N T T P P R P increase as the reaction proceeds. The explanation for this effect

0 500 1000 1500 2000 2500 3000 3500 4000 is not obvious, but one possibility is that the increase in the
cell parameters is caused by an increase in the hydration level
of the gallophosphate as the reaction proceeds. Such an effect
of ULM-5 synthesized at 186C using orthophosphoric acid. Also has been observed previously in in situ studies of the formation

shown are the calculated fits of the Avranttrofe’ev equation to the of zeolitic material$® The possibility that the increase in cell

data, and the refined least squares parameters for the (002) reflectionParameters is caused by a rise in the internal temperature of
the cell was also considered. However, an increase of 0.1 A in

the cell parameters of ULM-5 due to an increase in temperature
of, at most, 10C would imply a coefficient of expansion orders
of magnitude higher than those seen in most materials.

(b) Kinetic Analysis. The study of the kinetics of solid-state
reactions is useful in two respects. First, it enables one to obtain
guantitative information (such as half-lives, rate constants, etc.)
about the reactions and the factors affecting them, and second,
it allows one to infer mechanistic information about the reactions
studied. Many reviews of the area of solid-state kinetics have
been published, both genefal2 and more specific to hydro-
thermal reaction& In general, kinetic analysis takes the form

Time (seconds)

Figure 4. Growth in area with time of the (011) and (002) reflections

Three important conclusions can be reached by studying the
data shown in Figure 4. First, the data emphasize the extremely
rapid kinetics of the crystallization. The half-life of crystalliza-
tion is less than 1 min (taking into account the induction time),
and the reaction is essentially over approximately 50 min after
the cell is introduced to the block. It is perhaps worth noting at
this point that hydrothermal syntheses in the laboratory are
typically performed over a time period of sevedays rather
than minutes. (ULM-5 itself is typically synthesized in the
laboratory by reaction for a day.) The second point to note is
that the data indicate that under these conditions the ULM-5 L . . .
final product crystallizes directly from the amorphous reaction of f|t_t|ng the experimental d_ata fo a th(_aoretlcal Eexpression
mixture, and does not pass through any crystalline intermediatesre“’"[Ing .the extent of reactlorjoq and time. By making
prior to formation. Third, the intensity data for the (011) and assumptions about_the nL_JcIea_tlon a_nd growth processes, such
(002) reflections have virtually identical shapes, indicating that as the n_umber of dlmenS|ons_|n which _grov_vth occurs and _the
the crystal growth is isotropic, with crystallographic ordering relative Importance Qf nucleaﬂgn and d_lffusmn as the reaction
taking place at the same rate in all directions. [For the other propeeds, It |s.p035|ble to .de.r've speqﬂc fo'rms.f(@f) for a .
Bragg reflections the intensity data have much more scatter Variety of possible mechanistic scenarios. Kinetic expressions
associated with them due to the inherent weakness of these (29) Francis, R. J.; Price, S. J.; Evans, J. S. O.; O'Brien, S.; O'Hare, D.;
peaks. For this reason these data are not plotted in Figure 2Clark, S. M.Chem. Mater1996 8, 2102-2108. , _
However, the crystalzation curves for these peaks also conform (30) Bamie, €. 1 Teber, C, . P. Treoy of Soi Stae Reacton
to the same basic shape.] This is in contrast to the crystallizationco.: New York, 1980: Vol. 22.
of the open-framework tin sulfide TMA-SnS-1 in which strongly lgésél) Garner, W. EChemistry of the Solid StgtButterworth: London,
a.mSOtrOpIC grOWth IS Ob.serVéa'Thls is perhaps to be expected (32) Young, D. A.Decomposition of Solig®ergammon Press: Oxford,
given the three-dimensional framework nature of the ULM-5 1946
structure, as opposed to the layer structure of TMA-SnS-1. (33) Thompson, R. W.; Dyer, AZeolites1985 5, 202-210.
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Table 1. Functional Forms of the Common Rate Equations Used
To Model Solid-State Reactions

growth model equation lael n
Acceleratory Rate
power law o = kt P n
Sigmoidal Rate
Avrami—Erofe’ev
first order [IN(1— a)] =kt Al 1
second order [In(E o)]¥2 =kt A2 2
third order [In(1— o)]*® =kt A3 3
fourth order [IN(1— o)]¥* =kt A4 4
Prout-Tomkins Inf/(1 — a)] =kt
Deceleratory Rate
1-D diffusion o? =kt D1 0.62
2-D diffusion A-o)IN(l—-—a)+a=kt D2
3-D diffusion [1-(1— )2 =kt D3 0.57
Ginstling—Brounshtein  1- 20/3 — (1 — a)?3 =kt
contracting area +(1- )=kt Cl1 1.04
contracting volume F(1-o)B=kt c2 1.08
aThe labeling scheme applies to Figure 6.
1+ A3
] A2 -
0.8 — DI
] D3
0.6
= i
0.4
0.2
o=
0 0.5 1 1.5 2 2.5 3 3.5 4
Reduced Time
2 —
14
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E : D3, n=0.57
L DI, n=0.62
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Figure 6. (a, top) Theoreticad vs time curves calculated for various
models of crystal growth. (b, bottom) Sharpancock plots calculated
for various theoretical models of crystal growth.

that have found application in solid-state kinetics are detailed

Francis et al.

take into account any induction time or zero error, &rislthe

rate constant for the reaction. For all models of crystal growth
listed in Table 1 the SharpHancock plot is linear over the
bulk of the reaction (cax < 0.1 anda > 0.8) with a gradient
equal to the value of the exponent,and an intercept equal to

n In(k) (see Figure 6b). Therefore, testing the linearity of a
Sharp-Hancock plot is a good way of determining if a reaction
proceeds via a consistent mechanism, and since each of the
theoretical models has a characteristic value of the exponent,
n, the values oh extracted from such plots can be used to infer
information about the mechanism of crystallization. The values
of n for each of the theoretical models are also given in Table
1.

Initial analysis of the kinetic curves was performed by fitting
the intensity data to the AvramiErofe’ev equatiofP—38 using
a least-squares algorithm. Typical fits for the (111) and (002)
reflections of ULM-5 are shown in Figure 4 for a reaction
performed at 180C, together with the values obtained for the
induction time, rate constant, and reaction exponenfor the
(002) reflection. Immediately apparent is the excellent fit that
can be achieved over the entire range, and the very low value
of the exponent for the reaction, which is a reflection of the
rapidity of the increase in the intensity of the diffraction peaks
during the early stage of the reaction. The values obtained in
this way were reproducible, with a number of reactions
performed under identical conditions consistently yielding values
of n in the range 0.440.50.

The validity of this fit was confirmed via a Sharfiancock
analysis of the kinetic data. Although some deviations were seen
in the very early and late stages of the reaction, over the vast
majority of the reaction (0. a < 0.9), the plot of Inf-In(1
— a)] vs In(t — to) is linear, indicating that the crystallization
proceeds via a consistent mechanism over almost the entire
course of the reaction. Furthermore, the Shaflancock plot
confirms the value of the exponent obtained above, yielding a
value of 0.47+ 0.02.

The very low value for the exponent and the very rapid initial
increase in the diffraction intensity both strongly suggest that
the crystallization of ULM-5 under these conditions is a
diffusion-controlled process. To test this hypothesis, the function
[1 — (1 — @)¥3?2 was plotted against ~ to). For a diffusion-
controlled process in three dimensions such a plot should result
in a straight line with gradierk (see Table 1). The plot is shown
in Figure 7, and it can be seen that the plot is indeed linear
over virtually the entire course of the reaction, although some
small deviations from linearity were seen at low and high values
of a.. Other possible models of the growth process were also
tested by plotting the appropriate functional formsxadigainst
t (Table 1). All of these models produced markedly nonlinear
plots.

We therefore conclude that under these experimental condi-
tions the synthesis of ULM-5 is consistent with purely
diffusion-controlled process which the rate of nucleation does
not play a role in determining the rate of reaction once
crystallization has begun. Thus, the crystallization can be likened

in Table 1, and the general shape of the crystallization curves 'the crystallization of a supersaturated solution, in which once

for some of these models is shown in Figure 6a.
Initial kinetic analysis therefore usually involves comparison
of the experimental data with the calculated curves for the

theoretical models. However, a more rigorous approach involves

the use of a SharpHancock plo* which is of the form
IN[—In(1 — o)] =nlin(t — ty) + nin(k) Q)

wheret is the time of reactiontp is an optional term used to

nucleation has occurred, the rate of crystallization is determined
only by the rate at which species in solution can diffuse onto

the nucleation site. The extremely rapid rates seen in these
reactions is probably a consequence of the fact that these

(34) Hancock, J. D.; Sharp, J. B. Am. Ceram. Sod.972 55, 74—77.
(35) Avrami, M. J. Chem. Phys1939 7, 1103.

(36) Avrami, M.J. Chem. Physl194Q 8, 212.

(37) Avrami, M.J. Chem. Physl941, 9, 177.

(38) Erofe’ev, B. V.C. R. Dokl. Acad. Sci. URS®46 52, 511.
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0.8 Table 2. Values of the Induction Times, Exponents, and Rate
Constants Obtained from Plots of Hah(1 — a)] vs In(t — to) for
0.7 Reactions Carried out at Five Different Temperatures
temp induction rate
067 (£1°C) time (s) No11) Noo2) constant (s
N 180 720 0.44(3)  0.49(3) 5.7(% 103
- ] 170 900 0.46(3)  0.49(2) 5.4(%) 103
2 041 160 2600 0.43(3)  0.49(3) 5.8(4) 1073
iy 150 1050 0.43(2) 043(2) 12.3(410°3
031 140 4200 0.41(2) 0.41(2) 18.0(%10°3
a Average value obtained from fitting of both (011) and (002)
0.2+ —e-— [80°C reflections.
0 o — ‘ ‘ ‘ ‘ above, yielding values for the exponent in the range @45
0 500 1000 1500 2000 2500 3000 3500 0.04 for all temperatures studied (see Table 2).
-1, (seconds) The similar exponent values suggested that the reactions
Figure 7. [1 — (1 — a)¥2 against time for the growth of the (002) oconform to the same general mechanism as the reactlltl)nzat 180
reflection of ULM-5 at 180°C. C over the entire temperature range. Plots of-[{1 — o)1

againstt for all of the reactions confirmed that the three-

reactions are being stirred fairly vigorously, which clearly will dimensional diffusion model of crystal growth was the most
have the effect of greatly increasing the rate at which speciesvalid model of the crystal growth process for each of the
are transported to the nucleation sites relative to a simple reactions studied, although some deviations from linearity were
diffusion process (vide infra). observed at low values af, indicating that diffusion-limited

(c) Variable Temperature Studies.To assess the effect of  kinetics do not accurately describe the reaction kinetics at very
temperature on the crystallization of ULM-5, reactions were early times in the crystallization. This reflects the rather lower
performed using the standard reaction composition at temper-values ofn than would be expected for diffusion-controlled
atures in the range 144180 °C. Sharp-Hancock analysis of  kinetics in some of the reactions studied. Figure 8 shows the
the data showed that over this temperature range the reactionplot of [1 — (1 — )32 againstt for the reactions performed
obeyed kinetics very similar to those of the reaction discussed at 150, 160, 170, and 18.

0.8
] . 0.8
0.7
0.7 -
0.6
A 0.6
¢ 054 . ]
B = ]
] = 0.5
= 041 - ]
= ] I 044
0.3 -
] 0.3
02 ]
] 0.2
0.1 ] ‘w
T T T 7 T T T 1 0.1ﬂ ™ T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 0 1000 2000 3000 4000 5000 6000 7000 8000
-t (seconds) t-to(seconds)
0.7
0.6
& o 05
s . ]
) & ]
~ =z ]
0.3 4
s 0,
02 'I —e—150°C
T LI A A | T 0.1 e . ; . SN
0 500 1000 1500 2000 0 500 1000 1500 2000 2500 3000 3500

tet, (seconds) -t (seconds)

Figure 8. [1 — (1 — o)'?2 against time for the growth of the (002) reflection of ULM-5 at (a, top left) 280 (b, top right) 17C°C, (c, bottom
left) 160 °C, and (d, bottom right) 150C.
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Table 3. Values of the Induction Times, Exponents, and Rate
Constants Obtained from Plots of tAln(1 — o)] vs In(t — to) for
Reactions Carried out at Five Different Water Stoichiometries

stoichiometry induction rate
Ga0s::H,0 time (s) No11) N(o2) constartt(s™%)
1:1 720 0.44(3) 0.49(3) 5.7(%) 103
1:2 1200 0.50(2) 0.60(2) 9.6(4 102
1:3 1020 0.46(5) 0.45(5) 33@®10°
1:4 1020 0.57(2) 0.58(2) 4.0(x 10

a Average value obtained from fitting of both (011) and (002)
reflections.

Rate constants for the reactions can be easily extracted from

Sharp-Hancock plots, since the value of the intercept is equal
to nIn(k). The values obtained in this way for each temperature

studied are listed in Table 2. It can be seen that there are no

clear trends in the value of the rate constant with respect to
temperature. [Although the values given in Table 2 seem to
indicate that there is some correlation of the rate constant with

temperature, it should be noted that the rate constants obtainecg

from these experiments are not highly reproducible. The values
listed in Table 2 were obtained from analysis of the data shown
in Figure 8. Analysis of many other experiments performed at
various temperatures indicates that there is no correlation of
rate constant with temperature.] This observation reflects the
fact that for a diffusion-controlled reaction the rate of crystal-
lization is determined by how quickly species are transported
to the growth centers. Under these experimental conditions this
rate may depend primarily on how vigorously the reaction
mixtures are being mechanically stirred rather than the inherent
rate of diffusion under static conditions. Therefore, the differ-
ences in observed reaction rate may reflect small differences in
stirring rate used in each of the experiments. Also listed in Table
2 are the values for the induction times observed at each
temperature. Although there is a general trend to longer
induction times with decreasing temperature, the trend is not
smooth and there are anomalies (notably the AG@eaction).

In addition, the induction times were not reproducible and

reactions performed at the same temperature several times

yielded different values for the induction period each time. The

values given in Table 2 should therefore only be taken as a

guide to the kind of values observed in these experiments.
(d) Variable pH Studies. The effect of pH on the kinetics

of the synthesis of ULM-5 was studied in two ways. In the

first, reaction compositions of 1@@3:xP,0s:1HF:1DAH:

80H,0, wherex =1, 1.5, and 2.5, were reacted at 1€0 i.e.,

the quantity of orthophosphoric acid was increased above that

used in the standard reaction composition. In the second, reactio

compositions of 1G#3:1P,05:1HF:1DAHXH,0, wherex =

80, 160, 240, and 320, were reacted at 180i.e., the quantity

of water was increased over the standard reaction composition,

raising the reaction pH.

In the first case, as the pH was decreased, it was found that

an increasing quantity of condensed GaR&as formed in
addition to ULM-5. At a BOs stoichiometry ofx = 2.5, GaPQ

was the only product observed in the reaction. At a stoichiometry
of x = 1.5, a mixture of ULM-5 and GaPfQvas formed in the
reaction. The kinetics of formation of ULM-5 were found to
be identical to those performed under standard reaction condi-
tions.

In the second case, it was found that at each of the
stoichiometries studied the reactions displayed kinetic behavior
similar to that of the reactions studied previously. Avafrmi
Erofe’ev and SharpHancock analysis of the data yielded values
for the exponent in the range 046.57 (see Table 3), i.e.,

Francis et al.

somewhat higher than the values that had been observed
previously, but still well within the expected range for a
diffusion-controlled three-dimensional growth mechanism. Plots
of [L — (1 — a)¥32 againstt (shown in Figure 9) showed
excellent linearity for all four reactions, confirming the validity

of this growth model. The values for the rate constants and
induction times for each stoichiometry again showed no clear
trends. Table 3 lists the values of the exponents, induction times,
and rate constants for each reaction.

(e) DiscussionThe observation of diffusion-controlled kinet-
ics in the hydrothermal synthesis of ULM-5 is remarkable given
the complexity of the structure of ULM-5. It is also unprec-
edented within the field of molecular sieve syntheses. In most
syntheses of molecular sieves studied to date, either acceleratory
kinetics are observed in which the rate of product growth
increases with timé?=42 or Avrami—Erofe’ev type nucleation
and growth kinetics with orders in the range 140 are
observed®43To our knowledge, this is the first known example
f diffusion-controlled kinetics being observed in the synthesis
f molecular sieve materials.

In those systems in which acceleratory kinetics have been
observed, such as the syntheses of zeolites A af*¥uch
kinetics have been attributed to an autocatalytic nucleation
mechanism in which the majority of nucleation centers are
formed within the gel, and are therefore “hidden” from the liquid
phase and cannot grow until they are released from the gel as
it dissolves during crystallization. Hence, as the crystallization
proceeds, the number of nucleation centers increases, the rate
of crystallization increases, further nucleation centers are
released, and the rate continuously increases until crystallization
is complete. Such kinetics are therefore only observed in
markedly inhomogeneous systems consisting of distinct solid
and liquid phases. The observation of diffusion-controlled
kinetics in the synthesis of ULM-5 under these conditions
implies that the crystallization takes place from a much more
homogeneous reaction medium than those in which acceleratory
kinetics are observed.

On the basis of observations of the close structural relation-
ships between several of the gallophosphate members of the
ULM-n family, and in particular the existence of several phases
that can be synthesized in the same systems under different
conditions, Feey has proposed a mechanism of formation of
the ULM-n materials in which the final crystalline products are
formed via the condensation of solution-phase oligomeric
secondary building units (SBU%16These SBUs are envisioned

to grow until their size, shape, and charge density match those
of the template used. At this point it is postulated that a strong

ntempla’t&SBU association is formed which is electronically

neutral and can be compared to a catianion pair. An infinite
condensation of these templat8BU associations is then
envisioned to occur to form the final framework material.

The observation of diffusion-controlled kinetics is consistent
with such a process in which prior to the onset of crystallization
the required “building blocks” for the formation of the final
crystalline product are already present throughout a homoge-
neous reaction mixture. The observed kinetics are also consistent
with a solution-phase process in which very rapid kinetics could
be expected, assuming that once crystallization has begun the
condensation of the building blocks into the growing crystallites

(39) Zhdanov, S. PAdv. Chem. Ser1971, 101, 20.

(40) Kacirek, H.J. Phys. Chem1976 80, 1291-1296.

(41) Subotic, BACS Symp. Sel989 398 110-123.

(42) Antonic, T.; Subotic, B.; Stubicar, Meolites1997, 18, 291-300.

(43) Di Renzo, F.; Remoue, F.; Massiani, P.; Fajula, F.; Figueras, F.;
Descourieres, TZeolites1991, 11, 539-548.
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Figure 9. [1 — (1 — ®)]¥?]? against time for the growth of the (002) reflection of ULM-5 using a@aH,0 ratio of (a, top left) 1:80, (b, top
right) 1:160, (c, bottom left) 1:240, and (d, bottom right) 1:320.

is an extremely facile process. It is also notable that in recent
in situ EDXRD studies which we have performed on the
syntheses of other members of the UliVlamily, such as
ULM-3 and ULM-4/4 crystallization kinetics similar to those
described above are observed, which would be expected if these
materials are all synthesized via a similar mechanistic process.
However, it must be emphasized that although the observed
kinetics are consistent with such a process, they do not provide S
direct evidence for, or provide any information about the ~*7_3
structures of, any postulated SBUs in solution. In situ NMR =
and in situ EXAFS experiments on the hydrothermal synthesis
of ULM-5 are currently underway with a view to determining
the existence and structures of any species in solution during
the syntheses of these materials.
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Figure 10. Three-dimensional plot of the evolution of the energy

Studies US_ir_lg _Pho_sphorus PentO)_(ide as the Phosphor_us dispersive diffraction pattern with time during the synthesis of ULM-5
Source. (@) Initial in Situ EDXRD Studies.When the synthesis 4t 180 °C using phosphorus pentoxide as a starting material. The

of ULM-5 is performed using the standard reaction composition acquisition time for each spectrum was 60 s at a diffraction angle of
(1G&035:1P,05:2HF:1DAH:80H0), but with phosphorus  1.25.
pentoxide replacing orthophosphoric acid as the phosphorusto ULM-5 begin to appear and grow in intensity. The decay of
source, dramatically different behavior is observed. The time the diffraction peaks is much slower than their initial growth,
eVOlUt|0n Of the EDXRD pat'[ern durlng the SyntheSIS Of ULM-5 tak|ng over 70 min for the peaks to Comp|ete|y disappear_ At
at 180°C under these conditions is shown as a three-dimensionalhis point, the ULM-5 peaks reach maximum intensity and there
plot in Figure 10. After a short induction time of ca. 4 min, s no further change in the diffraction pattern. Figure 10 shows
diffraction peaks due to a previously unknown highly crystal- the growth and decay of the peaks due to the intermediate phase,
line intermediate appear which grow rapidly in intensity, and the growth of the peaks due to the ULM-5 final product.
reaching a maximum after ca. 18 min. After this point, these Figure 11 shows a plot of the extracted intensities for the (002)
peaks immediately begin to decrease in intensity and peaks dugeflection of ULM-5 and the intermediate reflection at 13.1 A.
(44) Francis, R. J.; Walton, R. |.; Loiseau, T.; O'Hare, D. Unpublished From Figure .11, the high degree of correlation between the
results. decay of the intermediate peak and the growth of the product
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4000 and once the intermediate peaks were observed to reach
] maximum intensity, the cell was removed from the block and
guenched with cold water. Unfortunately, successful isolation
of a sample of the intermediate using this protocol proved to
be difficult. The quenching experiment was repeated many
— e Intensity Product times, and in only two instances did it prove possible to isolate
—o— Intensity Intermediate a phase with a powder X-ray diffraction pattern which matched
that seen in the energy dispersive spectrum immediately prior
to quenching, indicating that the intermediate phase is very

sensitive to the quenching and workup procedure. The samples

that matched the X-ray pattern seen in the energy dispersive

spectra also proved to be metastable, and transformed over a

period of days to another as yet unidentified phase, frustrating

0 Gcaml® : SRR SRR IGID~— attempts to obtain a high-resolution X-ray diffraction pattern

0 40 80 120 160 of the material suitable for structural analysis. Attempts to index
Time (minutes) this phase on the basis of the relatively low-resolution data

Figure 11. Variation of intensity with time of the (002) reflection of ~ Obtained before the transformation had occurred did not produce
ULM-5 (filled circles) and the 13.1 A peak of an intermediate crystalline any convincing cells, although the powder X-ray data did reveal
phase (open circles) during the synthesis of ULM-5 at 18Qusing the presence of unreacted gallium oxide and gallium hydroxy-
phosphorus pentoxide as a starting material. oxide (GaO(OH)) in the quenched material. Attempts to index
the “workup transformed” or phase produced via transformation

3500+ K
L]

3000

25004 %
20001

1500

Intensity (arb. units)

1000+

4000 of the isolated intermediate phases using high-resolution XRD
3500 data were similarly unsuccessful.
3000 Owing to the sensitivity of the intermediate phase to
. guenching and workup, there seemed to be little possibility of
T 2500 a successful ex situ structure determination. Therefore, attempts
£ were made to obtain data suitable for structural analysis in situ.
5 2000 . . . :
= However, the low-resolution data obtained using energy dis-
2 1500 persive diffraction are not suitable for structure solution or
=

refinement. Therefore, in an effort to gain a greater understand-

ing of the structural relationships between these phases, we

undertook an in situ angular dispersive study of the synthesis

of ULM-5 using monochromatic synchrotron X-ray radiation.
R RS In principle the quality of the high-resolution data obtainable

0 50 100 150 200 250 300 350 400 using such a system should allow the determination of the

Time (minutes) structure of any intermediate phases via ab initio solution
Figure 12. Comparison of the variation with time of the 13.1 A methods.
reflection of the intermediate phase at 1®D (filled circles) and 150 (b) In Situ Angular Dispersive X-ray Diffraction (ADXRD)

°C (open circles). Experiments. These were performed on the ULM-5 system by

peak can be readily appreciated. This suggests that the tWOsyrin_ging aliquots of the re_action mixture into cap_illaries_ and
phases may be closely related, with the intermediate phased@ating at 160C for 3 h. Figure 13 shows three-dimensional
being directly converted into the final product. plots of the evolution Wlth time of the p(_)wde_r diffraction

The determination of the composition and the structure of Patterns for three experiments performed in this manner. As
this intermediate is clearly of importance and interest for its ¢an be seen from the figure, these experiments revealed much
mechanistic implications in the formation of ULM-5. Therefore, More complex behavior than was seen in the experiments
experiments were performed to determine conditions in which Performed at Daresbury. Despite being prepared in an identical
the intermediate was relatively long-lived, with a view to manner, each of the three experiments displayed completely
performing quenching experiments to isolate the intermediate different behavior. Although in each case the final product
and attempt an ex situ structure determination. These experi-formed was ULM-5 as expected, the time taken for completion
ments revealed that as the temperature is lowered the growthof the reaction was markedly different in each case. More
and decay of the intermediate peaks becomes slower, and th&lramatically, Fhe dlffra}ctlon patterns of t.he intermediate were
intermediate becomes increasingly long-lived. At & the completely different in each case. Differences were seen
beginnings of a “plateau” in the intensity of intermediate peaks throughout the powder diffraction .patterns,.but the most obvious
could be seen during which the intensity of the intermediate differences centered around the intermediate peaks at 13.1 and
does not decrease and no peaks due to ULM-5 are seen. Figurd2-2 A. The first experiment, shown in Figure 13a, showed
12 ShOWS a Comparison of the area Of the |ntermed|ate peakbehavior similar to that observed at Dal’esbury, with the most
with time for the reactions at 180 and 15. As the intense peak due to the intermediate phase at 13.1 A, a smaller
temperature is lowered further to 130, this plateau in intensity ~ Peak at 12.2 A, and other small peaks. However, in the second
becomes pronounced and the intermediate is very long-lived. €xperiment, shown in Figure 13b, the peak at 12.2 A is
These results suggested the possibility of isolating a pure samplecompletely absent. By contrast, in the third experiment, shown
of the intermediate by quenching the reaction after the inter- in Figure 13c, the peak at 13.1 A is completely absent, and the
mediate peaks have reached maximum intensity_ peak at 12.2 A is the most intense peak in the SpeCtrUm.

Therefore, experiments were performed in which the reactions We therefore conclude that, when phosphorus pentoxide is
were monitored in real time using the in situ EDXRD facility, used as a starting material, ULM-5 can be formed tvi@
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completely differentrystalline intermediate phases. Hereafter
these two phases will be referred to as intermediates | and 1.
In any particular experiment the ULM-5 final product may be
formed via one or other of the two intermediate phases
exclusively, or a mixture of both phases, situations exemplified
by parts b, ¢, and a, respectively, of Figure 13. It must also be
concluded that the experiments performed at Daresbury resulted
in the formation of a mixture of intermediate phases, which
may partially account for the failure to index any of the products
recovered from the quenching experiments.

Individual powder X-ray patterns were extracted from the
data at the time of maximum intensity of the intermediate phases
in each of the three cases. In this way individual spectra of both
intermediate phases could be obtained, as well as a spectrum
of the mixture of phases. Attempts were made to index both
intermediate phases using the auto-indexing programs
TREOR90° and ITO% These resulted in a variety of possible
cells for the two phases. However, the figures of merit obtained
were fairly low, and none of the cells were entirely convincing.
We now believe that the previously reported cells for the
intermediate phases may be in erfor.

Comment should be made as to why, given that each of the
three experiments described above was performed in exactly
the same manner, such dramatically different behavior was seen
in each case, and why much more consistent behavior was seen
in the experiments performed at Daresbury. This appears to be
a case in which the difficulty of reproducing precisely the same
reaction conditions numerous times using small-volume capil-
laries becomes important. This particular reaction appears to
suffer particularly from irreproducibility, due to both the
sensitivity of the reaction pathway to small changes in the
reaction conditions and the inhomogeneous nature of the reaction
mixture. After the reagents are mixed in the appropriate
quantities, the reaction mixture consists of both solid and liquid
phases. It was found to be impossible to prepare capillaries
which contained precisely the same amounts of solid and liquid
phases each time. It seems likely that it is these unavoidable
changes in the ratios of the various reaction components that is
the cause of the irreproducible nature of the reactions. When
using the large-volume cell for EDXRD studies, such problems
do not arise because in each case the complete sample mixture
is contained within the reaction cell and the ratio of components
is always precisely known.

(c) Further in Situ Studies Using EDXRD. To test this
hypothesis, further experiments were performed at Daresbury
using the large-volume reaction cell in which the ratios of the
various reaction components were systematically varied. The
quantities of four of the starting reagents,,Gg P,Os, HF,
and DAH, were separately increased or decreased from the
standard reaction composition, and the effect on the reaction
pathway was monitored using time-resolved EDXRD.

Variation of the quantity of G#s yielded inconclusive
results. However, variation of the quantity of? was found
to have a dramatic effect on the reaction pathway. Increasing
the BOs ratio by just 10% was found to result in the formation

diffraction pattern during the synthesis of ULM-5 using phosphorus Of purely intermediate phase |, whereas decreasing the ratio by
pentoxide, showing the formation of reflections due to the intermediate 10% was found to result in the formation of purely intermediate
phase at 13.1and 12.2 A. (b, middle) Evolution with time of the angular phase II. Figure 14 illustrates the results of these experiments
dispersive X-ray diffraction pattern during the synthesis of ULM-5 using and highlights the differences. These results are reproducible.
phosphorus pentoxide, showing the formation of a reflection due to gimilar results were obtained from those experiments in which

the intermediate phase at 13.1 A, but no reflection at 12.2 A. (c, bottom)
Evolution with time of the angular dispersive X-ray diffraction pattern
during the synthesis of ULM-5 using phosphorus pentoxide, showing

the quantities of HF and DAH were varied. Increasing the

(45) Werner, P. E.; Eriksson, L.; Westdahl, 81 Appl. Crystallogr1985

the formation of a reflection due to the intermediate phase at 12.2 A, 18, 367—370.

but no reflection at 13.1 A.

(46) Visser, J. WJ. Appl. Crystallogr.1969 2, 89.
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Figure 14. Stack plots of the evolution with time of the EDXRD
patterns recorded during the synthesis of ULM-5 using (a) 1.1 times
the standard quantity of,Ps and (b) 0.9 times the standard quantity
of P,Os showing (a) the formation of exclusively intermediate phase |
and (b) the formation of exclusively intermediate phase II.
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Table 4. Effect of Changing the Reaction Stoichiometry on the
Intermediate Phases Formed during the Synthesis of ULM-5
Using ROs

reactant stoichiometry

intermediate

Ga0O; P,Os HF 1,6-DAH HO phase formed
1 1 2 1 80 | plus small quantity of Il
1 11 2 1 80 | exclusively
1 1 2.3 1 80 | exclusively
1 1 2 0.85 80 | exclusively
1 09 2 1 80 Il exclusively
1 1 1.7 1 80 Il exclusively
1 1 1 1.15 80 Il exclusively

quantity of HF by 15% or decreasing the quantity of DAH by
15% led to the formation of intermediate phase | exclusively,

Francis et al.

These results conclusively show that the relative quantities
of the various reaction components do strongly influence the
pathway followed by this reaction. A small increase of the
relative quantity of BOs or HF or a decrease in the quantity of
DAH favors the formation of intermediate phase |, while the
reverse change favors intermediate Il formation. It is notable
that all of these results are consistent with regard to the change
in pH of the reaction, with a lower pH composition favoring
intermediate |, and a higher pH composition favoring intermedi-
ate Il. Feey and co-workers suggest that the pH of solution
affects the nature of species in solution in a number of ways,
including (i) the degree of hydration of the template, (ii) the
coordination of the gallium atom (from tetrahedral to trigonal
bipyramidal to octahedral as the pH is lowered), and (iii) the
size of the SBU polyhedra. Clearly, both intermediates are
kinetic products, and at low pH the species in solution favor
the formation of intermediate |, whereas at higher pH the species
in solution are more conducive to intermediate Il formation. It
appears the standard reaction composition happens to lie at a
point at which the factors favoring formation of one phase over
the other are very finely balanced. This fact, coupled with the
sampling difficulties discussed earlier, provides an explanation
for the irreproducibility of the experiments performed at
Brookhaven. In particular, the relative quantities of basic
gallophosphate solid and the acidic liquid components intro-
duced to the capillary are clearly going to have a strong effect
on the pH of the reaction mixture, which these experiments
suggest is an important factor in determining the reaction
pathway. Although the experiments performed at Daresbury
show much higher reproducibility, close scrutiny of the relative
intensities of the 13.1 and 12.2 A peaks in experiments
performed using ostensibly the same reaction composition show
some small differences. This perhaps reflects the difficulty of
weighing BOs to a high degree of accuracy owing to its
hydroscopic nature.

(d) Discussion The observation of the formation, under
certain reaction conditions, of two intermediate crystalline
phases during the synthesis of ULM-5 is clearly of central
importance for an understanding of the processes occurring
during the formation of this material, and is of interest for the
better understanding of hydrothermal reactions in general. There
are three issues of particular importance: Do the intermediate
phases convert directly into the product phase via a ssladid
transformation, or via some kind of solution-mediated process?
Why does the form of the phosphorus source have such a
dramatic effect on the reaction pathway? Why, whe®Hs
used, does the precise reaction composition also have such a
major effect on the reaction, and what are the structures of the
two intermediate phases?

Regarding the mechanism of transformation of the intermedi-
ates to the final product, there are four distinct possibilities:
(1) a direct solid-solid transformation involving an internal
rearrangement of the frameworks with no intermediate amor-
phous or solution phases involved in the process, (2) a process
in which the intermediate phases are converted completely or
partially into an amorphous phase from which the product phase

whereas decreasing the quantity of HF by 15% or increasing g psequently nucleates and crystallizes, (3) a solution-mediated

the quantity of DAH by 15% led to the formation of intermediate

phase Il exclusively (see Table 4). In some of these cases othe
previously unobserved phases were formed at longer reaction
times after the conversion of the intermediate phases to ULM-
5. Other reaction products are known to be formed in this system

if the ratio of reagents is changed significantly (particularly
DAH).%” This does not affect the results of these experiments,
however.

Iprocess in which complete dissolution of the intermediate phases
o

ccurs, followed by the nucleation and growth of the final
product, (4) the formation of the intermediate and product phases
as completely separate processes, in which the prior formation
and decay of the intermediate phases is simply a reflection of
the different kinetics of formation of the different phases, i.e.,

(47) Loiseau, T.; Ferey, G. Unpublished results.
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the ULM-5 final product forms separately from the onset of formation to the final product. However, although such studies
crystallization, but at a much slower rate than the formation or on this system are underway, no conclusive results are yet
decay of the intermediates. available. Intermediate phases have been observed by in situ
Information about which one of these possibilities is likely NMR experiments during the formation of the aluminophosphate
to be the correct one can be gained from the crystallization and AIPOs-CJ2®49and the gallophosphates ULM-3 and ULM.
degradation curves for the various phases in the system. FiguréHowever, at this point it is not clear whether these intermediate
11 is a typical example of these data, and shows that the decayphases are crystalline, and how these results may be related to
of the intensity of the intermediate phase (intermediate phase Ithe synthesis of ULM-5.
in this case) isvery highly correlated with the growth of the The sensitivity of the reaction to the form of the phosphorus
product phase, with the onset of decay occurring simultaneouslysource is surprising given that it might be expected that the
with the onset of crystallization of the product, and finishing addition of phosphorus pentoxide to water would result in instant
as the product peak reaches maximum intensity. This correlationhydrolysis to form orthophosphoric acid, and hence identical
is seen in reactions carried out over a wide range of reaction behavior in each case. Various possibilities were considered in
conditions, and thus, the possibility of the formation of trying to rationalize the differences seen in the two cases.
intermediate and product being completely separate processes st given the sensitivity of the reaction to the precise pH
can be immediately r.uled put. Additionally, Fhe curves cross at of solution and the difficulty of accurately weighing®, it
very close tax = 0.5, implying that the quantity of amorphous- a5 considered possible that slight differences in the phosphorus
or solution-phase species involved in the transformation is Very gysichiometry of the reaction when phosphorus pentoxide was
small, since if significant qu.ant|t|es of the intermediate phase |,so4 were causing the formation of the intermediate phases.
were dissolved or converted into an amorphous phase, the CurVeSerefore, reactions were performed in which orthophosphoric

V‘r’IOUId bf expf)ectre;d to cror:]ss well belaw= |0'5' Thi s#m OL acid was used as the starting material, but the phosphorus
the a values for the two phases remains close to 1 throughout stoichiometry was deliberately displaced slightly from the

the reaction, although it does rise to slightly greater than 1 during ¢-qard reaction composition. However, in all cases, ULM-5
the early stages of the decay of the intermediate, before falling crystallized smoothly from the reaction rr,lixture and n,o inter-

back to 1. This indicates that the rate of decay of diffraction mediate phases were formed. Very high phosphorus stoichi-
peaks is slower than the rise in intensity of the product peaks, ometries led to the formation of condensed GaPadd when

a][]td rrf1ay m?mateft&at the ;ornthtlonbof the |'r&terr|ne¢atfetﬁonfw#es very low phosphorus stoichiometries were used some unreacted
after formation ot the product has begun. Analysis ot thé m GaO3 remained at the end of the reaction, but otherwise no

of the reflections of the intermediate phase showed no broaden'differences in the reaction pathway were observed. It can

Ir?c?s(i)f r:ﬂﬁ::rllffrliggc:: Efilt(asllmi:h gfn:ﬁé ';S;;ﬁg%;theat rt]gi;es'zs therefore be concluded that the phosphorus stoichiometry is not
9 y y P a critical factor in the formation of the intermediate phases.

the reaction progresses, as would be expected if there was . . o
complete dissolution of the intermediate phase to form a solution A Sécond possibility considered was that it is simply the order

or amorphous phase. [This analysis was performed on the datzPf addition of the reagents which is important. In_ger_leral, when
obtained at Brookhaven using angular dispersive diffraction. ©"thophosphoric was used as the source material, it was added
Similar analysis of the EDXRD data obtained at Daresbury is &S @n agueous solution to theGa beforethe addition of the

not informative, because, due to the inherently low resolution @Mine template, whereas when phosphorus pentoxide was used,
of the EDXRD technique, the peak widths are always deter- it Was addedafter the amine. It was thought that this could
mined by the inherent resolution of the technique and not the cause different species to be formed in solution before reaction,
crystallinity of the sample, and therefore remain constant with 1€ading to the differences in reaction pathway observed. To

time. This analysis relates to the behavior of intermediate phase€liminate this possibility, reactions were performed in which
| in a reaction in which there was also a small amount of ©Orthophosphoric acid was added after the amine, and phosphorus

intermediate phase Il present. The transformation behavior is Pentoxide was added before the amine. No differences between
essentially identical in reactions in which only intermediate these reactions and those performed previously were observed;
phase | is present, however. Analysis of the transformation I-€-» N0 intermediates were seen in the former case, but were in
kinetics of intermediate phase Il is complicated by the presencethe latter case, indicating that the order of addition of reagents
of a Bragg reflection of ULM-5 at exactly the sardespacing @s also pot an important factor in the formation of the
as the intermediate reflection. However, it is clear that the intermediates.
transformation kinetics display the same general features as for To completely exclude the possibility that the experimental
intermediate phase I; i.e., the decay of intermediate phase Il procedure used was causing the differences seen in the two
and the growth of ULM-5 are highly correlated.] cases, a further experiment was performed in whigbsRvas
These results strongly indicate either that the mechanism of added to water and the resulting solution stirred vigorously for
transformation is a direct sokiesolid conversion involving no 2 h, prior to addition to the other reagents and reaction. Even
other amorphous or solution phases, or that if amorphous orunder these conditions it was observed that the reaction
solution phases are involved, the quantities of such phasesproceeded via the formation of intermediate phase(s). In other
present at any particular time are very small, and the transfor- words, precisely the same behavior was observed as wi@n P
mation must only involve the dissolution of a small quantity of was added immediately prior to reaction. We therefore conclude
material at the surface of the intermediate crystallites. To fully that the marked difference in the reaction pathway observed in
distinguish between these two possibilities, other measurementghe two cases is not an artifact of the experimental procedure
using other in situ techniques are necessary. In this regard inbut reflects a fundamental difference in the phosphorus species
situ NMR studies would be particularly informative because Ve L Pao WL L3 Seid S Crerioea 57 241 24a
they .WOUId reyeal the presence of any .amorphous phfises or 2493 Fgr’ey',’G?rI]_%isez;u,l'i'.;'Lécc?rrle, };?t'?aule?leJFS%Iid State Chem.
solution species that appear in the reaction mixture during the 1993 105 179-190.
period in which the intermediate(s) are undergoing the trans-  (50) Taulelle, F. Personal communication.
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present in solution during the crystallization. In particular, the ULM-nfamily.1516ULM-3, -4, -5, -8, and -16 are all constructed
addition of BOs to water doesnot result in the immediate  from the same basic hexameric units, constructed from three
formation of orthophosphoric acid. POy tetrahedra, two Gagp trigonal bipyramids, and one Gai®

One likely possibility is that the addition of,®s to water octahedron connected via corner-sharing oxygen atoms. The
does not result in immediate complete hydrolysis to orthophos- different structures are formed by different connecting modes
phoric acid, but instead results in the formation of oligomeric of these units with other hexameric units, or with other structural
[PxOax+1]"2~ polyphosphate species. Indeed, chain polyphos- units. Of particular importance in the present discussion is the
phates are well-known in solution, and it has been found that structural relationship between ULM-8 and ULM-5. ULM-8 is
P—O—P linkages are kinetically stable toward hydrolysis in a layered material consisting of layers of corner-linked hexam-
weakly acidic solutions at room temperature, where reaction eric units separated by interlamellar organic catffsthough
half-lives can be on the order of ye&iligomeric phosphate ~ ULM-5 is a fully connected three-dimensional material, it can
species could be expected to interact differently with the gallium be viewed as being constructed from very similar layers of
and template species present in solution, forming precursor corner-shared hexameric units which are then further connected
complexes which differ from those formed when only isolated Via D4R (double four ring) octameric SBUs, forming the three-
phosphate units are present, and which favor the initial formation dimensional structure. Hypothetically, therefore, the intermediate
of intermediate phases on kinetic grounds. phases observed could be two-dimensional structures similar

Strong support for this idea is provided by an experiment to ULM-8 which contain gallophosphate layers constructed from
performed in which the phosphorus source was replaced byhexameric units (although containing different interlamellar
polyphosphoric acid. Polyphosphoric acid is produced by cations) which subsequently condense via the formation of
dehydration of orthophosphoric acid and has the general formulabridging D4R units to form the final three-dimensional ULM-5
Hnt2PiOan+1; i.€., it contains exactly the sort of oligomeric ~ Structure. Interestingly, recent in situ experiments we have
phosphate units postulated to be formed on addition,6% o performed on the syntheses of ULM-3, -4, and -16 have revealed
water. Exactly the same behavior was observed during thethat under certain experimental conditions these materials are
synthesis as was observed in th®©Pcase, indicating that the ~ also formed via crystalline intermediate phases. Given the
presence of oligomeric phosphate units in solution does resultstructural relationships between these phases referred to above,
in the formation of intermediate phases. this raises the fascinating possibility that the syntheses of these

Further evidence in support of the presence of phosphatematerials_may proceed vi_a structurally related_ phases, allpwing
oligomers following the dissolution of ®s was provided by one to build a coherent picture _of their formation _mec_:hanlsms.
ex situ3!P NMR studies of solutions of orthophosphoric acid, Since the presence of ollgomerlg phosphat.e species in solutions
polyphosphoric acid, and phosphorus pentoxide dissolved in @Ppears to influence the formation of the intermediate phases,
water. As expected, given that orthophosphoric acid is the & Se€cond possibility is that the intermediate phases contain
primary standard for phosphorus NMR, its NMR spectrum P—O—P linkages in the form of corner-shared phosphate
consisted of a single singlet at 0 ppm. In contrd&®, NMR tetrahedra..No Iayerepl or microporous phosphates are presently
spectra of solutions of both polyphosphoric acid and phosphorusknown which contain corner-shared phosphate tetrahedra.
pentoxide dissolved in water displayed resonances at nonzerdiowever, there are several condensed metal phosphates which

chemical shifts, consistent with the presence of phosphatecontain such units. ) o
oligomers in both solutions. Efforts are continuing with regard to the determination of

Difficulties in isolating pure samples of the intermediate the composition and structures of the two intermediate phases.

phases, and reproducibility problems with the high-resolution Given the difficulties in obtaining a pure sample of the
in situ studies performed to date have hampered structuraliNntérmediate phases for ex situ structure determination, any
studies of the intermediate phases. Although high-resolution Structural information will have to be obtained in situ. Two
spectra of the two intermediates were obtained, the signal-to- possibilities are currently being explored. First, further reactions
noise ratio of these spectra is not sufficient to attempt a structureUSing the high-resolution in situ facility at Brookhaven are

determination. Therefore, little definite can be said about the Planned. Given that the factors affecting the formation of one
structures of the two intermediate phases at present. intermediate versus the other are now better understood, it

Nevertheless, some thoughts on their likely structures can .ShOUId be. p.ossmle to el!mmate the problem§ of reaction
be proposed. One likely possibility is that the materials are !rreprodu_mblhty ‘%"d sr_elec_tlvely force the format|o_n of e|t_her
layered phases containing two-dimensional gallophosphate'mermed'ate at will. This will then enable the collection of high-
sheets and interlamellar organic templates. Hypothetically, the quall(lty XF;D patéerns.gf 'Ejheﬁwatéarlalls. Second, fSan]Ifarllandfco-
two-dimensional layer structure could then transform directly workers have described the development of a facility for

to the three-dimensional structure via further condensation of obtaining simultaneous in S'.tu XRD and EXAFS data on
the gallophosphate sheets. Such a transformation of tWo_hydrothermal synthesé&&allowing one to correlate the forma-

dimensional layered structures to three-dimensional open-tion of long-range ordered crystalline phases_ with .shortjr_ange
framework structures has been observed to occur during theStrUCturaI changes. We plan experiments using this facility to

synthesis of zeolit$,52 and a direct solid-state transformation fshed more ;'ghht on the s(,jt_ructuratlj ﬁﬁ\r}lgg?. oclcurngg duﬂng the
of a one-dimensional chain aluminophosphate to a two- formation of the intermediate an -5 final product phases.

dimensional layered aluminophosphate structure has beenC
observed? Such a possibility seems especially likely given the

many structural relationships between the members of the Using in situ energy and angular X-ray powder diffraction
experiments, we have directly monitored, in real time, the

onclusions

(51) Greenwood, N. N.; Earnshaw, AChemistry of the Elements
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structural changes occurring during the synthesis of ULM-5.  Future work will concentrate on the important but difficult
The results of this study are a dramatic illustration both of the goal of determining the structures of the intermediate phases.
complexity of hydrothermal syntheses and of the power of in A number of in situ techniques, such as combined EXAFS/
situ techniques to quickly and efficiently obtain unique informa- XRD experiments, solution- and solid-state NMR experiments,
tion about the formation of microporous materials under normal and additional high-resolution angular dispersive diffraction
laboratory reaction conditions. experiments, will be used to gain structural information, and to

The high time resolution and data quality that can be achieved further probe the growth mechanisms of the intermediate phases
using EDXRD has allowed us to accurately measure the rate ofand their subsequent transformation to ULM-5.
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