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Spatially resolved observation of crystal-face-
dependent catalysis by single turnover counting

Maarten B, |, Rocffacrs', Bert F, Sels', Hiroshi Uji-i°, Frans C, De Schryver”, Pierre A, Jacobs', Dirk E. De Vos'

& lohan Hofkens®

Catalytic processes on sunfaces have long heen studied by probing
moidel reactions on single-crystal metal surfaces under high
vacuum conditions, Yet the vast majority of industrial hetero-
geneous catalysis oocurs at ambient or elevated pressures using
complex materials with crystal faces, edges amd defects differing in
theeir catalytic activity. Clearly, if new or improved catalysts are to
he rationally designed, we require quantitative corpelations
hetween surface features amd catalytic activity—ideally obtained
under realistic reaction conditions' ™. Transmission clectran

”mdscu.nmngmuﬂlngmop}”mﬂmd
it sif characterization of catalyst surfaces with atomic resolution,
hat are limited by the need for low-pressure conditions and
conductive surfaces, respectively, Sum frequency generation
spectroscopy can identify vibrations of adsorbed reactants and
pro<ucts in hath gaseous and condensed ", hait s Far lacks
sensitivity down to the single molecule level, Here we adapt real-

remctions catalysed by erystals of a layered double hydroxdde
inmersed in reagent solution. By using a wide Gdd microscope,
e are adhlle b map the spatial distribution of catalytic activity over
the entire crystal by counting sngle tumeover eventa, We find that
ester hydrolysis proceeds on the kateral [1000] crystal faces, while
transesterification occurs on the entire outer crystal surface,
Because the method operates at amblent temperature and press-
wre and inoa condemsed plese, it can be applied to the growing
number of Hguid-phase industrial organic tramsfornstions. to
localize catalytic activity on amd in inorganic solids. An exciting
opportunity is the we of probe molecales with different sze and
Tunctionality, which should provide insight into shape-selective or
structire-sensitive catalysis™ " and thus help with the rtional
dexign of new or more productive bﬂmm Lalysis.

The present study wsed [137-A] layered double lypdrosxide
[LIH} catalysts, wiich are nt:mp-:m.d af linked octahedroms of
aluminium hydraxide. The octzhedrnms form grblsite-type sheets
stacked in a hexagonal space group, resulting in prismatic orystals
with large basal {0001} planes'™ (Fig. 1a). The oceupation of two out
of three octabedrans by A and the presence af L™ m the residual
octzhedrms resull in a positive charge on the layers. This fexture
endoas the solid with anon exchange apacity, with exchanged
ampons such as COH ™ bacated m the gallerie: between the sheets and a
the gallery entrances lncated at the fLOT0] erystal faews.

Because our experiments require large crystals wath easily-
identifiable faces, we wed [Lit-Al"*] LDH, which readily forms
such erystals. | The 1DH: and their thermal treatment products wsed
25 adsorbents, drug ddivery vehades, palymer stabilears and @ta-
Iysts wsually have other comprsitions™%) Scanning electron

micrrseopy on hypdmthermally prepared LPH samples shows flar,
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well-defined orystale with smooth heszl planes. There are frequently
intergronths at the (R | planes. Typically, the (000117 plane of the
intergrowing component is slighthy tilted with respect to the (0001)
plane af the underbying orystal component (Fig, 1),

Processes such as molecular motor movements and enz
dymamics have been visualized at the single-molecule beve] ™
using fhuorescent probes, Here we modify the recent wordk!'™'* that
memitored the lvdrolytic activity of individue] lipsse Boenemrmes of
Candiga antarciica with the fluorogenic probe 5-carbosyfluoresodin
diacetate (C-FL, Like other non-flucecscent ssters of fiunresccin
auch & fluorescein dincetate (FIA), C-FIA beoomes emissive only
upem catalytic lnsdrolysis in water-contzining media, or upon cata-
Tytic transesterification with, for example, 1-butanol {Fig. 1a). In this
atudy, a wide field flusrescence microscope was used to map the
catalytic activity of the LDH orystale dispersed in milli-0p water
{18 ML resistance) and depesited theough spin coating on cleaned
arnver plasses. The cower glasses were then mourted at the bottom of
& 10o0pl rection clumber, whicl alos exposue of the LDH
arpstals to the flunrogenic reagent sclution while moniioring te
flurescence signal of the product in irverted microscope mode
{Fig. la).

In a first contol experiment, an amine-functinnalized glass slide
wa used to catalyse the reaction of C-FDA with 1-butanel. The
plass sorface was exposed for 1h te a 11000000 mivtare of
N M-dimetlwlaminopropgrimethoysilane (DMAPTS) and progyl-
trimethossilane (FTS) in CHO,, and the functenalized surface
thwwrengldy rinsed {tlwee times) with CHOL. For eptimal observation
of catalytic events, we used an excitation power of 4KWom ™ asa
goodd commpromise betwien sensitivity and enlsnced product blesd-
ing. Upon addition of the non-flusnescent C-FOA precarsor to the
reaction chamber, bright spots appesr owing to the formation of
single mobecules af emisive fooreoin By Za). Photoblaching
canses rapid disappemrance of the spots (wally within 1) and thus
prevents the rapid accumulation of baddground fluonscence. Mo
spots were detected at 2l within the same time sandow when a cean
glass dide replaced the calalysl, or when only propyd groups were
anclwred to the surface. |1II.Il.h‘_‘EIl'|KIl||. DAAPTS b FTS rztsn during
the glass surface preparation o 121 00H) merenses the concentration
of calalytie sites, as evidenced by the larger density af Moorescent
spots chaerved (Fig, Jh-d); quantification of the fuorscent signal
suggests a 20-fold merease mthe tarsesterificatbon. =ie. When
preparing this catalytic surface, part of the actmve surface monolayer
was mechanscally remenved; in these defunetiomalised sone, no spots
are vasible. Clearly, the formation of fluorescent mokecules is darectly
related o the presence of catalytcally active basac sites.

Mext, LIFH crystals were studied with the 0001 | plane parallel 1o
the comer glase. The catalytic activity of this class af cialysts = known
Lo increase with surface ares; based an combimed OO, chermsorption

e
1

alnwarie Armnterg 23, 89001 Lacves, Snigiom. *Bivivins of Momesler and Mans Waterish, Kalbelma

MATLIRE|Wnol 4352 February 2006

a k:ﬁl Ck’iﬂw
I T

B R

T / r

Figure 1 | Experimental set-wp. a, Schematlc drawing of the expenimental
set-ups the LOH particle i exp 1 fluneesiein ester (R = —COOH foe
C-FDAG B = =H fok FING s RO sellution (R H for hydeolysis;

B =~y Hy Tor tramsesterification). A wide field micrascope with 45K nna

and kinetic catalytic data, it has been sugpested that only 2 small
fraction of the sites are re sible for the activity, and that these
st active sites are probably situated at tI |.31~s and comers of the
crystallites, or at the gallery entrances™ igure | illustrates
catahytic sites |ocated om the (001 ] basal surface of the TIH orpstal,
and OH™ ons at the {1070] faces, which in the two-dimensional
projection of the microscopic mage appear at the edge of
e henzgonal aystals, When canving out transsstevification of
C-FDA i I-butaned, spots appear all over the bazal surface without
pieference for arystal edges (Fig. 3o, by d). No fluorescence signal is
deterted in the sehution surounding the crystal, demeorstrating that
tranasterification in this system is indeed catalysed by LDH ina troe
heterogerenus fashiom. W slan studiod ester hpdrohesis by using an
aueniss reaction medinm instead of an alcobol sobeent (Fig, 1a),
abecrving flunrescent spote primarily at the crystal edpes and lese at
e hasal surface (Fg, 3l The Aoorscence intensity distribution
abtained when sooumulating chsereations of the same aystal over
256 imiages cleuly indicates that the Igdredysis activity follows the
comitorurs of the cryatal (Fig, 36 b The activiny of base catalyss by
TIH is thus not always assnciated witl e same type of sites: wlereas
tranaesterification ocours mainly a1 the 0000} plare, Igdiolysis
ecquires the {1000} faes where exchanged OH™ jons a1 the entrance
af the galleries may be the apecie Such information lws so fu
aly been obtained very indirecthy; for exanple, By comelating trends
i catalytic activity with ex st plysical dharacterization of the
catalyst sumpbes wed ™. Our fie sinie fluoresoence approach, in
contrast, has sufficient ‘q‘-ul:l..ll resolution to allese us to simul-
taneoiusly ohserve the activity associated with different crystal faces
and this uncover different reactive centres for two distinet base-
catalysed reactions in the same crystal,

Time-dependent experiments permit determination of diffusion
and reaction rates, Fes the veaction of 40 m C-FDA with 1-butanad
{Fig. 3a), couriting the spets appearing on the hatal plane reveals a
typical transesterification rate of 4.2 malecule per 100@m® over
petiad of 96 e, corrsponding to (7.2 = 04} 2 100 melm fe!
1c]. With @00 nhd C-FDA the number of spets increases and
iehds a sate of (10 % 0000 % 10" mol m* 8" Recording of rates
fior reagent comcentrations between 0 and 700mM (Fg. 3 proves
it it range, the rection is frs orde in regent (data not
sherwn), When FIA 5 used as the substrate for the tmnsestenfication
reaction, a nllpllﬂ\- lenwer rate of (25 2050000 P molm fs!
for 1000k FIM 16 mensured (see Supplementary Video 31 We
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encitatean bight wis used. The insetshows the differem cryaallographic fices
agomal LOH ceystallice with indication of the Miller indices.
jing electran micregraph ol a ypical LIV crpital with assign
the dilferent crysial lsces dor the intergrosn crystal.

attribute this difference to the extra carheordace i:'mp of C-FTIA,
which leads t0 a higher concentration of adsorbed subsirate at
the positively charged surface, and hence to higher raction rates. For
the trasesterification, the rates measared on [001) are in fair

errent with transesterification rates measured for bulle LIH
samples, which typically have surface arcas between 50 and
250m° g " refs 24-17),

Figure 2 | L sity wide field flusneseance mbcrographs of C-FDA

o propyl ped cower glasses. a, [nag:
of & cover glass fuscenalized with 11 000,000 DMAFTS:PTS mivtare.
Mrwhy farmed prosduct moleeules appear as hright spots, which ars bleached
snam afler, Scale har, § pm, b, Sanve reaction, on 3 cover ghass propared with
100 ek TH ATTS:PFTS minture, In the wniformly black memes, swrface
funciismalization was mechanically removed. The msets shane the farmation
of mdividual malecules in o 2.5 % 28 am” square (see Supplemsentary Video
Vi &, d, same as b bui % and 192 ms laier. Beaciions wers carried out at
raam temperature with 450mM C-FI in pare 1-hutanal.

L]

S @ VHTepHeT




A https://www.newsstand.com - NewsStand,

Today's Way To Read Publications--Digitally - Micr...

Figure 3 | Wide field images of catalytic reactions on individusl LDH
partickes, a-d, Transesterificaiion af C-FIA with 1-butanol ai A0mb (ar
and To0mM (bi ester concentration an the same LDH crystal jsee
Supplementary Vides 21 €, Distribution of initial reaction rates far 1 pm’
demains on the orysial faces (o = 500, d, Transmission image of the crysial.
& h.ll;.\:rdd;w.nlémnut FIva om an LIPH oryseal. & Flusrescence image,
shonwing Fermatien of single product molecules mainly anorysial edges
196 s per imageh 1, Accumsulaled spet istensity on the same crystal over

Foar the lvdralysas of C-FDA {60 nid) on an LIH eatalyst particle,
the contributions of the difforent cryseallegraphic planes can be

mrlvn?nnmd (Fig. Xg). Spots formad nn1||.'| 1010} faces of cither
the main crystal or in un crystals commespond o at least 850
of the o E the particle. Om the {00} plane, the
Tepdrodysis rate s anly (1.7 * L2010 " molm 5" for 600
C-FDA, while at the [1010] faces the rate averages to
WIELHE 0 T molm s Counting of single tumovers thus.
allerws s to quantify the heterogeneity in reaction kinetics an the level
of individusl crystal faces, thus providing important infonmation
that could aid the design of industrial caralyste with impreved
activity,

Close inspection of the Supplementary viders reveals motion of
the flunrescent dits This allens us to moniter the diffusion of the
fluorescent products of the wansesterification reaction along the
Largee (000U ] erystal face over soveral time frames, before bleaching
ovcurs {Fig. 41 The displacerents |4 tenelled between the obser-
vations by many peodict molecules can be adequately fitted as
Jiwh w2t o Vexpl —rter® = |owith <e® > the e square
d.|.1|igx.\.|n.||l From thes a duffision coefficient, [ can be dles-

Lted, based on [t = <r® = (i and with ¢ = %ms. We find that over
A of the S-carbaxluonscein product molecules are highly
mohale, with D={30 205 =% 10 "m's " A small faction
of the product molecules 1 almost  immobile, with
D= 1x W mis . The diffusion of dy molecules trapped in
mesnpOTS ailiceous materials exhibits a similar himodsl be chaviour,
with fast mirving as well as stationary molecules™. In the case of
flenrescein dye, a diffusion coefficient of D={3.0£0.5%
107" 5™ v measured for more than 20% of the molecules,
while 17 7% W m's™! for the rest of the molecules. Catalyst
deactivation by strong, product adsorption is ke in basic cata-
hysis, amd we are cwrrently investigating, whether the immobile
mndecules are related to this phenomenon,
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Pusaction rate {10712 el m? 5%

2%6 comsecutive images. g Disiribution of inifial reaction rates far 1 pm®
domains an the faces of the LD crysial (o = 207}, The distrbuiion dearky
ahvines rwn searistically different subpopulations. The fast pepulation
correspands o active domains located on the |1008] faces (red |, wherzas the
[00M11] faxces hose the shne population {gresn). b, Transmesien image. Scabe
bars, 5 pm. Vellow arvaws in e, bindicate the same viewing direction on the
same crystal.

Extending and improving the use of in st luorescence
microscopy as 2 toal for probing b sous catalysis calls for
better spatial resnlutiem, and for the muilahility of he minlecules
that can he used to monitor 2 wide range of different chemical
reactions, We anticipate : tliat spatial resolution mlsllt he imnpreved by
an order of magnitude by future advances in fluorescence
ml(mwn]v_v such as STED (stimulated emission (l.c‘&h o |
miethods™. W have also already idertified suitable probes
acid- and metal-catahysad reactions, such as ester excharge, Friodel
Crafts or Inedrogenation reactioms. In a firss extension of rlh'fli‘ﬂ'
work, v hawve s the spatial distribations of Friedel-Crafts
catalytic activiey in the channels of 8 mordenite meolite crystal {soc
Sup]'sh'nwnrnq' Information). We 1n1|e1]:|h' that I\'l'\ﬂ‘h.'l' pm'hm
with different sz and functionality could be used to gain insighe into
steric, eectromic and ]snlmir? characteristics of reactive sites, We
expect that such devdopments, used i comjuncticn with methods
for chavacterizing the incrgamic carabyse material, will preside better
insight inen challenging aspocts of heternpenenus catalysis, such as
shape-seloctive™ and key-locke™ catalysis in seolites, or structure-
sensitive catalysis on supported metals'™=,

Materials. |Lialg OF;]" -#H Y was hydrothensally syntheisad follow
ang aecporied pracsdurs - A ey ens sobation of 33 pmel Al sl was
e dreqswinies Do adquesis soliitson of LIOH (41T = 1.5 wede Tecated
1 A0 R Prodacs wene washed witl b
| cryiral ame were checked
iffraction IIlan'J'f1| it ..II

characieria .tmlls'l‘ll iml<-|u-m|'-1hh:d.lllru
synthesis, the LDH is complerey in the OH ™
Obeervation of catalytic processes, The wide Fe mscope conssts of

irrverted microscope (-1 Olympust with a 1000, 1.3 ¥a ol immersion
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Figure 4 | Analysis of single product molecules rasdamly diffusing on
{0001) LDM surfages after transestenfication. The vime lag hetwesn the
Framses |s 9ms (see Supplementary Viden &), a, b, The diseribution

o = 100} af spep shees ¢ for Nuwsrescein shews two different populacions.
a, ver 80% of the mebaoules shaw a high mebilicy with & mean
displacentent of muee than 100mm. b, Far a small group of mubecules,
diiplacentent i af the sime arder ai the padilianing accusacy (— 0an
€, d. A in @, b, bt with S-carhosyflusrescein, praduced from C-FDWA e,
Erajectaries of bwn reprosemiative funnescrin medeasles (redt salinmary
hibur: highly mohile; samse cobaurs as histagrams in & and Bl Numshers in #
reproseml sonsecstive positinns of the mobecubes, Reactinns wers
at roomy temperature with 40 nd C-FOA or [0GnM FI4 i pure | -hutanal,

the

rraed ouk

el aasdl i highly semitive coolad Elsctean Multiplpieg-OCD ascads
et [mstraments e, The wide S luninten was achisved by

pectra-Fhpsicsl onin the back fcal
Emistine i colloted by the same objoctive and imaged by
pming through a ¢
light. The image was expanded 3.5 befiore the OCTL e
view of 24,2 % 242 g, Transmission images were obtained by Kohler
illupmination
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