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Four generations of monodendrons with multiple dodecyl alkyl t&i5-(N, N representing number of alkyl

tails from 1 to 8), an azobenzene spacer group, and a carboxylic acid polar head have been studied at the
air—water and ai+solid interface using AFM, GIXD, X-ray reflectivity, and UMvis spectrometry. The one

and two tail molecules formed orthorhombic lateral packing with long-range intramonolayer ordering. Good
agreement between molecular models and thickness measurements indicated that the one and two tail molecules
orient along the surface normal. The increase in the cross-sectional mismatch caused by the presence of the
multiple chains for the higher generations disrupted the long-range ordering and forced the alkyl tails to
adopt quasi-hexagonal structure. The higher generatidAs4(and AA-8) formed a kinked structure with

the alkyl tails oriented perpendicular to the surface with the azobenzene group tilted at a large degree toward
the surface. The photoisomerization behavior in dilute solutions, at thevaier interface, and for grafted

layers demonstrated that lower generation monodendrons maintained the photochromic behavior after chemical
grafting to the silicon substrates, although the confinement of the molecules in monolayers significantly
increased the reorganization time.

Introduction Similarly, the tailoring of material’s properties, especially the
) ) ~ packing structure, by tailoring the molecular architecture has

One of the challenges in the field of nanotechnology is peen discussed in detaflSince the discovery of dendrimers, a
controlling the selective response of thin films, especially mytitude of applications has been considered, but the overall
organized surface monolayérRecent investigations in this area  theme of the studies has been the understanding of the
have concentrated on tailoring the response of a thin film to exponential increase in end groups on the overall material's
environmental stimuli at the nanometer scala. this regard, behavior and propertiéd. Many studies focused on higher
molecules with azobenzene fragments have been considered ageneration monodendrons and dendrimers with little attention
potential components of films with selective light-triggered paid to the lower generatiod33The inclusion of hydrophobic
responses. Indeed, a multitude of studies focused on variousand hydrophilic fragments creating an amphiphilic balance
molecules with azobenzene fragments such as holographictacilitates the study of the molecules in ordered monolayers at
medi& for optical storagé,as reversible optical waveguides,  the air-water interfacé4 Combining experimental techniques
for photoalignment of liquid crystal systerhsand for drug  at both the airwater and the airsolid interface provides in-
delivery” The azobenzene group is attractive due to the two depth understanding of the molecular ordering and rearrange-
stable isomers it assumes upon selective wavelength stimuli.ment of fragments at both interfaces. To facilitate the grafting
The main complication of the inclusion of photoresponsive of the photochromic monodendrons onto solid substrates while
molecules in selective response monolayers is the preservatiompreserving the photoisomerization of the molecules, we have
of the full and fast isomerization resporfsBeposition of thin investigated several chemically disparate polar heads. Previ-
surface films onto solid supports often restricts the mobility of ously, we showed that the attachment of a bulky crown ether
the photochromic fragments within the molecular architecture polar head to photochromic monodendrons created a kinked
and thin films, thereby reducing the overall response and the structure at the airwater and ai+solid interface and preserved
reversibility. The tilted orientation of azobenzene containing photochromic properties under a balance of cross-sectional areas
molecules in self-assembled monolayers reduced the surfaceof the bulky polar groups and dendritic alkyl shéfts.

coverage (56:60%) and lowered the monolayer thickness, In this paper, we report on the interfacial behavior of four
thereby resulting in a slight increase in thickness during generations of photochromic monodendrons, their molecular
photoisomerizatio#. ordering, and its contribution to reversible photoisomerization
at interfaces. Replacement of the bulky polar group in previously
* Corresponding author: viadimir@iastate.edu. studied monodendroffswith a smaller functional group (i.e.,
_ T Department of Materials Science and Engineering, lowa State Univer- a traditional polar group) is expected to promote chemical
sity. grafting to solid surfaces while preserving the cross-sectional

* University of Arizona. . . R
s Ames Laboratory and Department of Physics and Astronomy, lowa ar€a necessary for complete and reversible photoisomerization

State University. within the surface monolayers. The attachment of a traditional
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carboxylic polar head to photochromic monodendrons generatedm. Ellipsometric measurements of monolayer thickness were
a cross-sectional mismatch favorable for the azobenzene spaceperformed on a COMPEL Automatic Ellipsometer (InOmTech,
group. In addition to the first direct observation of the trans  Inc.). Imaging of the monolayers was carried out using atomic
cis photoisomerization in Langmuir monolayers, photoisomer- force microscopy (AFM) (Multimode and Dimension-3000,
ization studies demonstrated that lower generation monoden-Digital Instruments), in tapping mode according to an experi-
drons maintained the photochromic behavior after chemical mental procedure described in detail eaffeFhe geometrical
grafting to the silicon substrates although with increased parameters of all molecules were estimated from molecular

reorganization time. models built with the Ceri#s3.8 package on a SGI workstation
by using the Dreiding 2.21 force field library and with the
Experimental Procedures Materials Studio 3.0 package using the PVCC force field library.

o Molecular models were treated with a molecular dynamics and
Liquid surface measurements were performed on monomo- minimization procedure to obtain molecular conformations with
lecular films spread on atgmperatgre cqntrolled, Teflon trough. minimized energy for geometrical dimension calculations.
The trough was placed in a helium-filled chamber for the

duratior_l of _the experiments to reduce the ba_lckground scatt_eringResults and Discussion

and oxidation of the monolayer. A combination of grazing

incident X-ray diffraction (GIXD) (in-plane and rod-scans) and Photoisomerization in Solution. The AA-N (N represents
X-ray reflectivity experiments were conducted on a liquid- the number of attached alkyl tails) molecules consist of a
surface X-ray spectrometer at the 61D beam line at the Advancedcarboxylic acid headgroup, an azobenzene spacer group, and
Photon Source synchrotron at Argonne National Laboratory multiple dodecyl alkyl tails. The number of tails increases from
according to the usual procedufe’® X-ray reflectivity mea- one for (4-dodecyloxyphenylazo)benzoic achi¢l1), to two,
surements of spread monolayers directly under UV illumination four, and eight for the second, third, and fourth generations of
were carried out on a home-built liquicdurface reflectometer.  a dendritic series (Figure 1). Comparison the single-tail molecule
The incident beam (Cud 1 = 1.5404 A) is selected from the  with an epoxy terminated reference molecuME(1, Figure 1)
white beam of a Cu-rotating-anode generator (UltraX1-18; has demonstrated that the bulkier polar head broadened the alkyl
Rigaku) by Bragg reflection from the (111) planes of a Ge tail packing structure. The synthesis of the compounds is
single-crystal monochromator. Experimental details are available presented elsewheféThe photochromic isomerization of all

in the Supporting Information. The data are presented in four generations was readily observed in dilute solutions. In
reciprocal space) with Qyy representing the vector in thé ambient light conditions, ther—s* absorbance band was
andK direction andQ, representing the vector in thedirection. observed at 365 nm, denoting that #&-N molecules are in
During the X-ray reflectivity experiments, th¢ andK vector the trans isomer, with an additional peak observed at 290 nm
remains zero, and the incident and reflected angles are increasedttributed to the phenyl rings in the dendritic shell (FigureZa).
equivalent degrees to scan along thalirection. During the After 1 min illumination with a 365 nm lamp, the absorbance
GIXD experiments, the incident angle is fixed below the critical band at 365 nm was greatly diminished, and additional absor-
angle to ensure total reflectance as #heand K components bance bands were discerned at 318 and 445 nm, indicative of
(Qxy) are studied to determine the diffraction pattern of the the transition from the trans to the cis isomer for all four
sample. The. componentQ,) of the diffracted vector is fixed generations (Figure 2b).

at different azimutal angles to discern the tilted behavior of the ~ Surface Behavior of Langmuir Monolayers. All four
diffracting molecular fragments. Inversely, thed and K molecules displayed classic amphiphilic behavior at the- air
components are fixed and thecomponent is increased at reflex  water interface with a sharp increase in surface pressure as the
points to further characterize the tilt behavior and ordering of molecular area was reduced (Figure\-1 had a higher than

the diffracting molecules. Experimental setup and details expected alkyl-chain limiting cross-sectional area of 0.24 nm
regarding the X-ray reflectivity and GIXD are described in  per molecule, while the three highest generations were observed
previous publication$> A downstream Si double-crystal mono-  to roughly follow the expected value of 0.20 Aper alky! tail
chromator was used to select the X-ray beam at the desiredwith 0.36, 0.98, and 1.50 rrfor AA-2, AA-4, and AA-8,
energy £ = 0.0772 nm). respectively. The molecular areas calculated from the Langmuir

Monomolecular films of the amphiphilic compounds were isotherms were in good agreement with the cross-sectional areas
prepared by the Langmuir technique on an RK-1 trough (Riegel calculated from molecular models and GIXD data, concluding
and Kirstein, GmbH) located in a laminar flow hood. The that all generations formed complete monolayers at the air
compounds were dissolved in chloroform (Fisher, reagent grade)water interface at moderate surface pressures. The deviation of
to concentrations of 0:51.0 mmol/L. The solution was spread the one tail molecule from the expected molecular area indicated
over the water subphase (NanoPur&8 MQ2 cm). Monolayers that a single alkyl tail does not control the limiting cross-
were deposited on a cleaned silicon wafé? (Semiconductor sectional area, which is increased due to the presence of the
Processing Co.) of thg10G orientation, following the usual  bulky photochromic group and the polar head. The surface area
LB proceduré?! Cast films of theAA-2 and AE-1 molecules per molecule rose with the increasing number of akyl tail in
were deposited on clean quartz slides from dilute chloroform dendritic shells virtually doubling for each generation (Figure
solutions. The films were annealed at 1°ZDfor 60 min under 3). In the end, the polar head and photochromic spacer had little
vacuum, then rinsed 3 times in chloroform and dried under dry influence on the cross-sectional area for the molecule with
nitrogen. The samples were placed in a dark room and multiple (>2) alkyl tails in the dendritic shell.
illuminated with 365 nm light for different periods of time. Molecular Ordering in Langmuir Monolayers. The ar-

The UV—vis spectra of 0.01 mmol/L solutions in chloroform  rangement of the molecular fragments within Langmuir mono-
were obtained with a Shimadzu-1601 spectrometer. A Blak- layers was revealed by X-ray reflectivity studies (Figure 4). The
Ray ultraviolet lamp (UVP, Model B-100 AP, 100W) equipped two-tail moleculesAA-2) had a single, well-defined minimum
with both a 365 nm band-pass filter and a 310 nm long-pass and an additional minimum at highé), for lower surface
filter was used to illuminate the solutions at a distance of 0.4 pressure (Figure 4a). The low®; minima became less defined
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Figure 1. Chemical formulas of AA-N.

at higher surface pressures, indicating no clear transition betweerusing a one box model, indicating that the contrast between the
the focal group and the alkyl tails. Dissimilarl§A-4 had two focal group and the eight attached alkyl tails diminished.
defined minima at low and high surface pressures with less Comparison of the electron density distribution for all
definition of the minima observed for the intermediate pressure molecules as a function of surface pressure applied to the
(Figure 4b). The eight-tail molecul&A-8) possessed a single  Langmuir monolayers suggests that the alkyl tails and azoben-
defined minimum for the monolayer at moderate pressure with zene groups undergo the most dramatic rearrangements under
no distinct minima at low and high surface pressures (Figure different conditions. The one tail molecules had lower electronic
4c). densities calculated for the highest pressure indicative of an early
The data forAA-2 andAA-4 were modeled using a two-box  monolayer collapse into a domain structure as was demonstrated
model for electron density distribution along the surface normal before?> This molecule within the monolayer was composed
at all surface pressures as well as the two lower surface pressuresf a vertically oriented azobenzene group and highly tilted alkyl
of AA-8 (Table 1S and Figure 5; S refers to Supporting tail (Figure 5d). This molecular ordering provided the appropri-
Information). The polar headgroup and the azobenzene fragmentate balance between cross-sectional areas of the bulky azoben-
composed the first box with higher electron density, and the zene group and a single alkyl tail.
attached alkyl tails are located in the second box. The length Comparison of this model to the electron density distribution
of the focal group and proximity to the spacer group reduced for the AA-2 molecule with two alkyl tails showed significant
the contrast between the fragments, thereby confining the structural reorganization (Figure 5). Two alkyl tails became
fragments within one box. Previous studies of similar molecules oriented vertically in a register with the azobenzene group due
in addition to lower generations demonstrated that the relative to a change in the cross-sectional mismatch of the azobenzene
size of the polar group to the bulky spacer group was near the group and alkyl tails. As the monolayer compressed, the focal
surface roughness calculated for the box models, therebygroups became more densely packed in addition to 15%
predicting a two box model more favorable than a three box lengthening in the vertical direction caused by lateral compres-
model!>25The highest surface pressure/oh-8 was modeled sion (Table 1S). The length of the alkyl tail box remained
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Figure 3. Theswr—A isotherms for all molecules demonstrated a classic . . .
amphiphilic behavior with lower generations deviating from expected 1arge area per tail determined by GIX®Four sharp, intense
molecular area trend. peaks were observed at all surface pressures and were indexed
as the (1,1), (2,0), (2,1), and (3,1) peaks. The alkyl tails were
consistent with the vertically oriented fully extended chains, determined to be packed in an orthorhombic unit cell wsith
although the electronic density decreased for the highest surfaced.742 nm and = 0.601 nm. The selective appearance of all
pressure, suggesting that the monolayer collapsed into a domairfour peaks indicated that the alkyl tails were tilted to a modest
structure at 20 mN/m. The electron density distribution calcu- degree in the nearest neighbor direction. The appearance of the
lated for theAA-4 molecule was similar to the two tail molecule  (2,1) peak paired with the absence of the (0,1) peak indicated
(Figure 5). At higher pressure, the second box for the four tail a herringbone structure due to the two molecular locations in
molecule reduced in length as the electronic density increasedthe unit cell being symmetrically inequivalent.
as expected for densely packed alkyl tails (Table 1S). At the  The inclusion of two dodecyl alkyl tails in the dendritic shell
lowest surface pressure, the monolayerA#-8 displayed a bought a reduction in the unit cell with an increase in long-
similar trend to theAA-4 molecule. At the highest surface range ordering. At all surface pressures, six sharp, intense peaks
pressure, the denser monolayer slightly decreased in overallwere observed in the diffraction patterns fAA-2 (Figure
thickness, suggesting that the molecule adopted a tilted orienta-6a). Thed-spacing for the two sharpest peaks were calculated
tion to achieve a densely packed structure. at 0.412 and 0.371 nm and were indexed as the (1,1) and (2,0)
Further insight into the packing behavior of the alkyl tails peaks, respectively. The four additional higliss peaks were
was discerned from GIXD (in-plane and rod) experiments indexed as the (2,1), (0,2), (1,2), and (3,1) peaks at 0.299, 0.249,
(Figures 6 and 7). As shown previousipA-1 formed a 0.236, and 0.222 nm, respectively. All peaks diminished in
herringbone structure at the awwvater interface with a relatively  intensity at higheiQ, (larger azimutal angle) GIXD patterns,
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A 00 o1 o2  o0s o was observed at all surface pressuresér4 and indexed as
' L the (1,0) peak with @-spacing of 0.420 nm (Figure 6b). The
Electronic Density (x10° e/nm") . . . .
four tail molecule formed a quasi-hexagonal unit cell with the

Figure 5. The box models calculated from X-ray reflectivity data lattice parametea = 0.484 nm and the area per tail 0.203%m
shown in Figure 4 and molecular models with molecular dimensions P ) P )

matching density distribution for a) AA-2, b) AA-4 and c) AA-8 for (Table 1). Similarly, the eight tail molecule had a single broad

the highest surface pressure (20mN/m). Model of AA-1 shown for Peak at 0.418 nm, revealing that the alkyl tails formed a regular
comparisor® hexagonal lateral packing (Figure 6c). The lattice parameter

decreased slightly t@ = 0.482 nm, and the area per tall

revealing that the alkyl tails are parallel to the surface normal. decreased to 0.201 rinfTable 1). The reduction of the area
In contrast to the one tail molecule observed previously, the per tail as the dendritic shell became bulkier (from four to eight
AA-2 molecules formed a regular orthorhombic unit cell with tails) suggested that the alkyl tails of the larger molecule more
no indication of a herringbone structure. The lattice parametersreadily rearranged at the aiwater interface in a dense and
were calculated as = 0.742 nm and = 0.495 nm with the vertical manner. ALQ; increased (larger azimutal angle), the
area per tail equal to 0.184 @An{Table 1). Thea lattice observed peaks fokA-4 and AA-8 significantly decreased in
parameter calculated for bothA-1 and AA-2 was equal to intensity, strongly suggesting that the alkyl tails were parallel
0.742 nm, while thé lattice parameter decreased approximately to the surface normal.
0.1 nm from 0.601 nm foAA-1 to 0.495 nm forAA-2. Comparisons of the correlation lengths for the most intense

A further increase in the number of alkyl tails disrupted the peaks of all four molecules indicated that the lower generation
well-ordered orthorhombic lateral packing. A single broad peak molecules had the highest long-range ordering. The correlation
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TABLE 2: Comparison of Thickness of Solid and Liquid
Supported Monolayers with Theoretical Lengths

AFM ellipsometry XR model
AA-1 1.9 3.1 2.8 2.9
AA-2 41 2.8 3.3 35
AA-4 NA 2.7 2.8 4.1
AA-8 NA 3.1 25 4.6
AE-1 1.9 3.3 2.6 3.1

is parallel to the surface normal up to the nitrogen double bond
of the azobenzene spacer group. The rod scandAed and
AA-8 in the (1,0) direction exhibited a similar trend (Figure
1S). The model resulted in a rod length less than the expected
length for a dodecyl tail, indicating the lower portion of the
tails being disordered. Apparently, the radial attachment of
multiple tails to a single junction limited the ability of the alkyl
tails to order beyond several molecules.

Surface Morphology at Solid SubstratesEvidence of the
long-range ordering of the two tail molecules was observed for
solid supported monolayers (Figure 7). At the lowest surface
pressure AA-2 formed large leaf-like domains with overall
lengths of several micrometers (Figure 7a). The thin arms of
the leaf-like domains measured several hundred nanometers
across. Upon increasing the surface pressure to 20 mN/m, the
domains decreased in overall size and became more regularly
shaped and densely packed (Figure 7b). The lateral dimension
of the domains was approximately opm. Higher resolution
AFM of the solid supported monolayers deposited at higher
surface pressures revealed that the domains were composed of
a lamellae-like structure. Figure 7c illustrates the random
orientation of the lamellae structure (more clearly observed in
the phase image) with the shift in the directional organization
60 nm inside of the domain. Thd spacing was calculated to be 5.7
Figure 7. AA-2 formed irregular shaped domains with lateral nm, indicating Interdlgltat.e('j bilayer packing similar to that
dir%ensions of 1 micron and higgher at aIFsurface pressures as shownObS(':‘rve_d Tor crown-containing m_onOdendréﬁs‘
in AFM images. a)AA-2 deposited at 3mN/m and b) at 20mN/m. c) The limited short range ordering &tA-4 and AA-8 was
High-resolution AFM image demonstrating lamellar structure observed evident for monolayers deposited at all surface pressures. The
within the domains shown in b). Scale: topography (L) and phase(R) four and eight tail molecules formed uniform monolayers with
for a) & b) z=10 nm and phase=40 degrees. For =5 nm and very limited areas of short lamellae-like structures (Figure 2S).

o

T AL
s

._'"

phase=10 degrees. The lower than expected effective thickness of the monolayers
TABLE 1: Comparison of Lattice Parameters of AA-N suggested that the focal group of the higher generation molecules
Calculated from GIXD was significantly tilted from the surface normal (Table 2). The

AALl  AA2  AA4  AA8  AE-L cross-secfuonal area of the dendritic shel_l AK-4 and AA-8 _
was 3-6 times larger than the cross-sectional area of the acid
a(nm) 0742 0742 0484 0482 0.744  heaqgroup, thus creating a large mismatch. This allowed the

b (nm) 0.601  0.495 0.611 focal f t to adoot | tilt les. thereb il
areapertail (n® 0.223 0184 0203 0201 0.227 ‘'ocalgroupiragmentio adoptlarge uit angies, thereby greatly
tilt (deg) 26 0 0 0 42 reducing the monolayer thickness.

Comparison of monolayer thickness at the-aiater and air-
lengths for the (1,1) and (2,0) peaks were 9.3 and 11.0 nm for solid interface to the estimated length from molecular model
AA-1 and 10.0 and 10.4 nm foAA-2. In contract, the concluded that the inclusion of multiple alkyl tails in the
correlation lengths for the four and eight tail molecules dendritic shell, particularly four and eight tails, forced the
decreased to 2.9 and 3.2 nm, respectively, determined from themolecules to adopt a tilted orientation (Table 2). Previous studies
(1,0) peak. The shift from the long-range ordering seen for the demonstrated thaAA-1 oriented perpendicular to the surface
lower generation molecules to the limited short-range ordering as theAE-1 molecules formed a kinked structi@&The good
for the two highest generations suggested that the crowdedagreement observed between the estimated length @fAh2
junction compromised the attached tails’ ability to organize in from molecular models and the liquid and solid supported
the crystal lattice within the planar monolayer. monolayers confirm a similar parallel orientation to the surface

Further confirmation of the perpendicular arrangement of the normal for the two tail molecule. The lower effective thickness
alkyl tails of the higher generations was determined by analysis of the solid supported monolayer AA-2 was attributed to the
of rod scans of the most intense peaks of the three moleculesdomain structure observed by AFM. The thickness of liquid
(Figure 1S). The rod scans for ti\-2 molecule in the (1,1) and solid supported monolayers was significantly lower than
and (2,0) directions displayed a sharp peak prior to a gradual the estimate length of the molecular modelsAdt-4 andAA-
decrease in intensity. The modeling suggested a 2.9 nm rod8. Comparison of the length of the tail box from X-ray
parallel to the surface normal. The length of the rod was nearly reflectivity and the length estimated from the rod scans
twice that of a dodecyl alkyl tail, indicating that the molecule suggested that the lower third of the alkyl tails was disordered
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due to the close association to the phenyl rings in the dendritic ization of the molecules within the densely packed monolayer
shell. The larger cross-sectional mismatch of the higher genera-at the air-water interface.

0.81

tions (AA-4 and AA-8) resulted in a kinked structure at The two and four tail molecules were further analyzed by
interfaces with azobenzene groups lying virtually parallel to the X-ray reflectivity under UV illumination to elucidate the
solid surface, similar to the previously studiedD12-N ordering of the molecules in the cis isomer. Although the
moleculest> reference moleculeAE-1 demonstrated a similar trend in
Photoisomerization within Langmuir Monolayers. The molecular area during the UV kinetics studies/A&-4, the

guestion of the preservation of the reversible photoisomerization molecules proved unstable under UV illumination at the-air

in the monolayer state is important for the fabrication of surface water interface on the time scale of the X-ray reflectivity
monolayers at solid surfaces. The photoisomerization of the experiments. Surprisingly, the X-ray reflectivity data for mono-
lower generation monodendrons was studied at theveater layers ofAA-2 andAA-4 exposed to UV illumination indicated
interface to determine the mobility of the molecules in loosely more uniform films with a slight decrease in the overall film
packed two-dimensional monolayer films (Figure 8). The thickness as compared to the trans-state of azobenzene groups
selected Langmuir monolayers were compressed to 10 mN/m(Table 1S). The data for both molecules have one defined
and exposed to repeated cycles of 365 nm light and ambientminimum at lowerQ; with additional less defined minima at
light as the surface pressure was held constant. Kinetic studieshigherQ; (Figure 9). The defined minima shifted slightly to a

of one and eight tail molecules at the-awater interface were  lower Q. value at moderate pressure in comparison to a higher
not preformed due to stability concerns. The four tail molecule Q: position for lower and higher surface pressure for the two
exhibited a very modest 3.5% rise in molecular area upon UV and four tail molecule.

illumination. In contrast, theAA-2 molecule had an 8.8% A two-box model of electron density distribution was used
molecular area increase for the monolayer UV illuminated for for all pressures for both molecules with a similar assignment
several minutes with gradual relaxation to the initial value of the molecular fragments as used for the monolayers analyzed
(Figure 8). The smaller difference in cross-sectional area for under ambient conditions (the trans-state of azobenzene groups).
the AA-4 monolayer indicated the inability of the molecules to The headgroup box with elevated electron density for the two
fully achieve complete photoisomerization transitions due to the tail molecule in the cistate was similar in length to that under
densely packed alkyl tails. The cross-sectional mismatch of thethe ambient light (Table 1S and Figure 10). However, the
four alkyl tails attached to the azobenzene spacer group andelectronic density decreased significantly, from 12.5% for the
the smaller carboxylic focal group allowed for significant lowest surface pressure to 22% for the highest surface pressure,
rearrangement of the focal group fragment without considerably due to a larger molecular area observed for the UV illuminated
affecting the ordering of the alkyl tails. The large difference in monolayer. In contrast, the length of the tail box was 22% lower
the molecular area for th®A-2 molecule observed for the trans  for the UV illuminated monolayers, and the electronic density
and cis isomers denotes that the two tail molecules possess thevas slightly lower than expected for densely packed alkyl tails
preferential cross-section mismatch to preserve the photoisomer{Figure 10a and Table 1S), suggesting that the alkyl tails tilt



20400 J. Phys. Chem. B, Vol. 109, No. 43, 2005 Genson et al.

} 0.012
! a
|\ 0.0104
34
T . 0.008+ . AA-2 grafted layer
) % 0.006 . 4 hour UV
SR our
) g Mgty
4 day UV
£ X € 0.0044 oy
=
N ) 2 day
) : 0.0029 Ambient i
0.000 L) ,,,\,],.;,‘..:.»,.‘ il ,

0. 250 300 350 400 450 500 550 600
Wavelength (nm)

0.0 0'1 0'2 0'3 0'4 0.0084 AE-1 grafted layer b

Electronic Density (x10” e/nm®)

4- 0.006 1
b >
% 0.004 1
t--. kS .
3 TTee. 0.0024;
2 4
% s
£ 0.0004— : T . r :
b= 250 300 350 400 450 500 550 600
NIRE Wavelength (nm)
Figure 11. Kinetic studies of the photoisomerization of grafted films
of a) AA-2 and b)AE—1.
04
with an epoxy-terminated single-chain molecule designed for
direct chemical graftingAE-1.2°> The substrate foAA-2 was
'1 T

00 01 02 03 o4 first functionalized with a poly(ethylene imine) (PEI) monolayer
Electronic Density (x10° e/nm) using a previous reported experimental procedure to assist the
ectronic Density (x10” e/nm grafting of the carboxyl terminated molecufésThe epoxy
Figure 10. The electron density distribution models calculated from tarminated reference sample formed a uniform layer with a few
data shown in Figure 11 for a) AA-2 and b) AA-4 monolayers under gy pole defects{100 nm diameter) and particle contami-
365 nm illumination at the highest surface pressure (left) and molecular e .
models (right). nants within a lum square region. The 5.7 nm depth of the
layer defects suggested a possible bilayer structure, while the
during the molecular reorganization. Unlike monolayers ob- 2-8 nm height of the particle contaminants indicates that
served under ambient conditions, the alkyl tail box of the Uy additional molecules remained on the surface after rinsing. The

illuminated monolayer remained relatively consistent, indicating AA-2 molecule formed a similar uniform layer with significantly
a more stable monolayer. more, larger particle contaminants. The 3.9 nm thickness
The attachment of four tails to the azobenzene group changedd&termined by AFM cross-sections indicates a grafted mono-
the surface behavior significantly. Comparison of the box models 12Y€r- As in previous studies of photoisomerization of solid
of AA-4 for trans and cis states of the azobenzene groups SUPPOrt monolayers, the graftédh-2 films exhibited a fine
showed similar trends in the molecular ordering (Figures 5c texturg befo.re photmsomerlzatlon that was disrupted after
and 9b and Table 1S). Overall, the electronic density of the Photoisomerizatiod?
focal group box was reduced 20% as the length increased A broad, asymmetric peak was observed at 365 nm for the
slightly (<5%) for the cis isomer monolayer, correlating with ~ graftedAA-2 layer, indicating the characteristic-z* absorp-
the larger molecular area observed for the stimulated monolayer.tion band in addition to a smaller peak observed at 250 nm
Compressing the monolayer to moderate surface pressurepreviously attributed to the additional phenyl ring in the dendritic
exhibited an approximate 38% elongation of the focal group shell (Figure 11). The asymmetry of the peaks was attributed
box as the tail box length was reduced 6% for ambient to constructive interference of the background peak of the PEI
conditions to 33% for the UV illuminated monolayer. Unlike film. After 4 h illumination of 365 nm UV light in a dark
the ambient condition monolayers, the alkyl tails attached to environment, the absorption bands at 250 and 365 nm decreased
the cis isomer adopted a tilted behavior to recover the enlargedwith complete dissipation of the 365 nm peak after 4 days of

molecular area. illumination. The grafted film of theAA-2 molecules showed
Photoisomerization within Chemically Grafted Layers. weak indications of cis to trans isomerization. After 2 days
Finally, the photoisomerization of the two tail molecidé-2 relaxation in a dark environment, the grafted films were exposed

with the largest variation of cross-sectional area upon UV to ambient light for 24 h to determine if relaxation would occur
illumination was analyzed after chemical grafting of these under dark conditions or if only stimulated by favorable light.
molecules to the solid substrate. Direct comparison was doneComparison of the UVvis spectra for theAA-2 and AE-1
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molecules revealed that the epoxy terminated reference sampldJnlike the AA-1 and AA-2 molecules that ordered parallel to
had improved photoisomerization capabilities for grafted thin the surface normal, th&E-1 reference molecule formed a
films. kinked structure similar to the previously studied molecules with
The grafted films ofAE-1 exhibited a broad absorption band a larger polar group? Although AE-1 displayed limited
at 365 nm, corresponding to the-7* band and an additional =~ molecular area differences during photoisomerization in Lang-
band at 250 nm. Afte4 h illumination, the peaks at 365 and muir monolayers, the photoisomerization of the grafted layers
250 nm were significantly reduced, and a less intense, broaderof the epoxy terminated reference molecule was more successful
peak appeared at 455 nm, signifying a nearly 80% photoisomer-than for theAA-2 molecule.
ization of the grafted layer (Figure 11). After 5 days of UV In addition to the variance of molecular area during photoi-
illumination, the 365 nm absorption band was completely somerization, we directly observed the traiess photoisomer-
dissipated, and low intensity peaks were observed at 250 andization in a Langmuir film in situ using X-ray reflectivity. The
455 nm, indicating a complete transformation from trans to cis 8% increase in molecular area observed forA#s2 reduced
isomers. After 2 days of relaxation, the grafted film AE-1 the monolayer thickness as the molecule kinked, thereby
underwent a partial transformation from cis to trans isomers disrupting the perpendicular orientation of the entire molecule.
(Figure 11). The grafted films of the epoxy terminated reference Unlike the two tail molecule, thé\A-4 molecules displayed
molecule achieved approximately 50% transformation after 1 less molecular rearrangement due to the cross-sectional area

day of relaxation in ambient light. controlled by the four alkyl tails. The area available for the focal
group is twice the required space; therefore, the fragment
Conclusions reorientation had little effect on the monolayer structure. The

) . packing density of the azobenzene fragment in Langmuir

.Prewously, we demonstrated that a large c_ross-sectlonaIBmdgett monolayers has been shown to affect the degree of
mismatch between a bulky polar head and a varying number of hqtoisomerization of the surface filfisAlthough the larger
alkyl tails in the dendritic shell force the molecules to adopt gengritic shell preserved the cross-sectional area for the pho-
kinked structures to form densely packed ordered structtfes. tpisomerization, it limited the observed effect due to the cross-
The single alkyl tail molecule formed a supercell orthorhombic  gactional mismatch greatly favoring the alkyl tails.
packing structure due to the significant tilt of the alkyl tails The influence of the dendritic shell containing multiple
caused by the azobenzene spacer group and the bulky crowrysgecyl tails has been discerned to assert a great effect on the
ether head alternately stacking within the monolayer. As nhigher generations versus the influence of a bulky azobenzene
observed here, the previous molecules formed less orderedsyacer group that affected the lower generations. The influence
structures as the number of alkyl tails increased in the dendritic 4f the azobenzene is directional determined by the decrease in
shell. We demonstrated that the four tail molecule with a crown pep Jattice parameter upon the increase in the alkyl shell from
ether polar group reorganized in solid supported films by the gne to two tails. The four and eight tail molecules formed
d!srupt!on pf orlent.ed stripes after photmsomerlzgtlon. Asimilar niform monolayers with limited short-range ordering seen in
disruption in ordering was observed for grafted films of the two jiquid and solid supported films. The highest generations adopted
tail molecule with the carboxylic acid group héfeThe a kinked structure with the alky! tails parallel to the surface
homogeneous fine texture of the\-2 grafted films became @ normal, while the focal group was tilted a large degree toward

disorganized and heterogeneous film after photoisomerization. ihe surface as seen as an overall decrease in effective thickness
Similar disruption in texture for crystalline phases during of deposited films.

photoisomerization has been observed for carbosilane dendrim- - Al molecules were capable of repeated photoisomerization

ers in spin cast and annealed thin filfs. in dilute solutions under preferential light conditions. At the
Functionalizing dendrimers with azobenzene terminal groups ajr—water interface, the two tail molecule possessed the ideal
to improve the fragment spacing required to preserve the cross-sectional mismatch that facilitated the trans to cis isomer-
photoisomerization within monolayers was shown to have jzation and retained the mobility for the cis to trans isomerization
similar behavior as low molar weight surfactants but had a for specific stimuli. TheAA-4 and AE-1 molecules exhibited
higher probability of interaction of the azobenzene groups of 3 |imited photoisomerization response at the-aiater interface.
neighboring molecule®. Similar to the monodendrons shown  conversely, kinetics studies of grafted thin films revealed that
here, the generation number of carbosilane dendrimers with aithough both theAA-2 and the AE-1 molecules showed
azobenzene groups at the periphery had little effect on the complete trans to cis isomerization, only the epoxy terminated
photoisomerization of the mesogenic groups is solutforhe reference molecule was observed to partially transform from
photochromic behavior of the terminal groups was affected by ¢is to trans. The importance of the range of mobility of the
the crystalline structure induced by the film preparation. The molecules was shown in the increased time scale of the kinetics

amorphous structure of the spin cast films caused overlappingexperiments from dilute solutions to liquid supported monolayers
of the azobenzene groups of neighboring molecules forming H to thin films grafted to solid substrates.

aggregates, whereas the photoisomerization behavior in the
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