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Shear-induced mechanochromism in polydiacetylene monolayers
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We use atomic force microscopy to actuate and characterize the nanoscale “mechanochromism” of polydiacetylene monolayers on
atomically-flat silicon oxide substrates. We find explicit evidence that the irreversible blue-to-red transformation is caused by shear forces
exerted normal to the polydiacetylene polymer backbone. The anisotropic probe-induced transformation is characterized by a significant
change in the tilt orientation of the side chains with respect to the surface normal. We discuss preliminary molecular dynamics simulations
and electronic structure calculations on twelve-unit polydiacetylene oligomers that allow us to correlate the transformation with bond-angle
changes in the conjugated polymer backbone.
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1. Introduction In figure 1, we show the basic structure of a PDA mono-
layer that is created on a LB trough and transferred to a
As evidenced by other articles in this issue, organic filmsplid substrate. An ordered monomer phase (B) is formed
of ordered, densely-packed molecules have been used extgid then polymerized (C) with UV light. The linear conju-
sively as model lubricants to study the structural, mechamjated backbone is parallel to the LB subphase and retains
cal, and chemical aspects of adhesion and tribology. In masis geometry when transferred to the substrate surface (D).
cases, these films are monolayers of simple alkanes, of vathus it is bound to the substrate via an interaction with the
able chain length and tail group chemistry, that are creatg@fl/droxyl) head groups on the lower set of side chains, while
either by Langmuir—Blodgett (LB) [1] or self-assembly techthe upper set of side chains and methyl tail groups becomes
niques [1,2]. We have been working on another class of afre “interface” with probe tips, analytes, solvents, etc. Us-
ganic thin films that are also composed of densely-packgf optical and atomic force microscopy (AFM), we have
alkane chains; each chain, however, has an integral diacefljown that the polymer backbones align in highly parallel
lene unit (figure 1(A)). The distinguishing feature of thesgrrays in domains exceeding 102 [5-7]. The lengths of
films is that the molecules may be cross-linked via UV pho-
tochemistry in a one-dimensional fashion to form highly-
ordered arrays of long polydiacetylene (PDA) polymers (fig- Vi
ure 1 (B) and (C)). These films have been the subject of many 4
years of research [3] because the cross-linking produces a A
conjugated backbone that exhibits a chromatic response to
elevated temperature, solvents, and stress. Mechanically-
induced color changes, or “mechanochromism” [4], offers
an intriguing potential use in tribology as an optical sen-
sor of contact, friction, and adhesion. Thus our motivation
in this paper, and that of a previous study of PDA trilay-I|
ers [5], is to understand what molecular changes (e.g., dis-
ordering, re-orientation) are involved in the friction-induced
mechanochromism of PDA monolayers. To accomplish this, o Lo 4o
we use scanning probe microscopy to both actuate and char-  #N, N TN, HN
acterize the structural changes of the PDA films. Since these ZOH ZOH ZOH ZOH OH OH ©OH “OH

are unusual films, we will first discuss some of their salient
features. D
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the side chains and the chemistry of the head and tail groupsThe blue-shift of the absorption in going from the blue to
can be modified much in the same manner as for the modie red form is not fully understood, but is generally asso-
lubricant alkanethiols or silanes [7—11]. In this paper, weiated with “strain” imposed onto the conjugated backbone
use a hydrophilic silicon oxide substrate because, like miday the side chains [16]. As depicted in the highly schematic
it is atomically flat and interacts with the transferred filnfigure 3, the blue form is thought to be in the planar all-
via hydrogen bonding. Unlike metallic substrates, the thidkans geometry, where the side chains are in the same plane
thermally-grown oxide layer (80 nm) of the silicon substrates the backbone. This geometry permits extended, con-
prevents quenching of the optical excitations. The weak#muousz overlap or “conjugation length” [17-20]. Out-
hydrogen-bonding, relative to the strong covalent bonding of-plane conformations in the side chains disrupt the
thiol linkages to gold [11], allows for greater molecular moeverlap which shortens the conjugation length and blue-
tion about the backbone (discussed below), yet is sufficiestifts the absorption spectrum to that of the red form (fig-
for robust, good quality films. Mica offers the same qualitiegre 3). Note that out-of-plane rotation of the side chains re-
as the silicon oxide, along with possible ionic bonding tb K quires possible rupture and reformation of the surface bond;
impurities. thus strong covalent bonding to the substrate may hinder
The intense optical absorption characteristic of PDA, antlis rotation. The exact correlation between the conforma-
of conjugated polymers in general [12-14], is caused by tkienal geometry and the electronic structure is not known.
excitation ofr electrons in the extended linear backbonéve address this problem by using a molecular dynamics
Both absorption and fluorescence (if any) in the visible rgMD) simulation followed by electronic structure calcula-
gion tend to be highly polarized along the backbone diregions. In this preliminary effort, we use twelve repeating
tion. We have shown that the large domains of crystallingnit energy-minimized oligomers of PDA on which we per-
alignment exhibit strong polarization extinction [5,7,15korm the MD. The resulting conformational changes in the
The blue-shift in the absorption spectra which charactasackbone, particularly dihedral angles induced by side chain
izes the thermally-, chemically-, or stress-induced chromafigovement, are then correlated with the calculated elec-
transition of PDA from the “blue” form to the “red” form is tronic structure and absorption spectra. In this way, we are
shown in figure 2. A very important feature of these PDAp|e to estimate minimum conformational changes for color
films is that the red form exhibits intense fluorescence (seRgifts.
dotted curve in figure 2), whereas the blue form does not. |n gur earlier study of mechanochromism in PDA [5], we
Thus we are able to use fluorescence as an optical signature  presented results consistent with the notion of side chain
of the mechanochromism, thermochromism([6], etc. The flu-  rotation out of the backbone plane. However, that study
orescence can be detected simultaneously by using a ngag restricted tatrilayers, since LB monolayers of the
field scanning optical microscope (NSOM) [5] or verified) g, 12-pentacosadiynoic acid monomer precursor are not sta-
subsequent to AFM actuation with a conventional opticgle on a pure water subphase. We found that the shear-
microscope. The NSOM is ideally the best tool becausejifjuced blue-to-red transformations were complicated by
can actuate and detect the fluorescence; however, AFM gfa removal of the top bilayer, revealing a seemingly “flat-
fers far superior topographical lateral and height resolutiogneg” monolayer underneath. Thus molecular-scale as-
Since the latter is more critical for determining the StruGsects of conformation changes in the transformation were
tural changes associated with the PDA mechanochromigiscured by the trilayer geometry. It became clear that sta-
we have taken that approach in this article. ble monolayer films were required to simplify characteriza-
tion of the transformation. Since then, we have been able
to produce stable monolayers by synthesizing the monomer
N-(2-ethanol)-10,12-pentacosadinamide [7] (figure 1(A)).
The monolayer stability is due to inter-chain H-bonding at
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Figure 3. Highly schematic model for the blue and red PDA forms. The
Figure 2. Visible absorption spectra of “blue” and “red” form PDA trilayerPlanar “blue” form at left has unbroken-electron overlap and a full conju-

films; (- - -) is the fluorescence spectrum of the red form. The blue for@ation length. At right, the out-of-plane side chain rotation has broken the
does not fluoresce. mr-electron overlap in the “red” form, reducing the conjugation length.
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the head groups. In this report, we thus describe evidenceSifsubstrate by draining the trough. Samples were dried in
side chain rotation actuated by AFM probe tips. clean room air and stored in a dark, nitrogen-purged con-
tainer. More details may be found in [7].

2. Methods

2.2. Atomic force microscopy, fluorescence microscopy
2.1. Sample preparation

Si substrates with 80 nm thick thermally-grown oxide 1€ AFM (Multimode Nanoscope IlIA, Digital Instru-
were cleaned in organic solvents followed by a 50/50 miXn€nts) was operated in contact mode under ambient condi-
ture of 30% HO, and concentrated 480, for 20 min at tions Wlth a single silicon nitride cantilever and tip. We used
100°C, then immediately rinsed and stored in pure water bH1€ nominal force constant of 0.06 N/m for the calculated
fore transfer to the LB trough. AFM images indicated Ver%pads.. More scanning details are discussed in section 3.1
little observable contamination and verified that the sud® verify that the PDA blue form was converted into the flu-
strates were extremely flat, with2 A RMS roughness. Just orescent red form, samples were removed from the AFM and
prior to mono|ayer Spreading, the substrates were remo\}aaced under a Leitz fluorescence minOSCOpe that used 520—
from water storage and completely immersed into the trou§&0 nm excitation and a 590 nm long-pass filter. An example
subphase, minimizing exposure to air. The Si substrate wefghis method is shown in figure 4.
seated horizontally approximately 1 mm below the subphase
surface. 2.3. Molecular dynamics and quantum calculations

PDA monolayers were prepared via UV polymerization™
on the LB trough that rests on a vibration isolation table in- i
side a class 100 clean room. The pure water subphase had "€ molecular mechanics (MM) and molecular dynam-
a resistivity greater than 18 flcm and was held at a tem-i¢S (MD) simulations were performed with PolyGraf soft-
perature of 15+ 1°C. The monomer N-(2-ethanol)-10,12ware (Version 3.21) using a Dreiding 1l force field for
pentacosadinamide (structure (A) in figure 1) was Synthgtomic interactions. The dielectric constant was set to 2.64,
sized as described elsewhere [7] and dissolved in 50% chffld charges were assigned using the charge equilibration
roform/benzene for dropwise spreading on the subphase. Rithod. A canonical MD simulation using the Hoover for-
films were equilibrated for 20 min at 20 mN/m, prior to Uvmalism was then setup for a total run time of 500 ps with the
light exposure from a pair of Hg pen lamps whose outptg@mperature set at 300 K. Following the MM and MD cal-
is dominated by the 254 and 365 nm lines. To producecallations, the electronic properties of the conjugated back-
uniform blue film, the pen lamps were fixed 15 cm from thone in its various configurations at selected intervals (e.g.,
compressed monolayer (28W/cn?) and switched on for 80, 100, and 128 ps) were calculated using ZINDO/S semi-
30 s. Horizontal transfer of the blue films was accomplishempirical methods on the HyperChem 5.02 software pack-
by slowly lowering the polymerized film onto the parallebge.

AFM Height Fluorescence

Figure 4. Left side, 1 10 um? topographic AFM image showing tip-induced conversion of the blue form into the fluorescent red form of PDA. Note
that the red region appears lower than the surrounding blue region. Right side, fluorescence microscope image of same region. From [5].
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3. Results the image. In most cases, the transformation proceeds most
rapidly when the sliding (fast scan) direction is perpendic-
3.1. AFM-induced mechanochromism of PDA monolayer ular to the backbone direction. Usually, it will not proceed

at all when the fast scan direction is parallel to the back-

In this section, we present AFM images that are reprgpne direction. Thusshear forces are required. These
sentative of the mechanically-induced blue-to-red transfaihservations are consistent with the shear-force anisotropy
mation of the PDA monolayer. They provide us with fairlthat was observed to be a function of chain orientation
detailed structural information concerning the transformg@ighest forces being perpendicular to chain direction) for
regions, how they differ from the initial blue regions, angeDA monolayers on mica [15] and gold [21]. We note
insight into how the “mechanochromism” takes place. 1§ factor of three in the ratio between high and low fric-
all cases, the transformation is irreversible, even after saion forces (for sliding perpendicular and parallel to the
eral weeks. Other than the transformation, we saw no eWackbones, respectively). Unfortunately, our cantilever in
dence for monolayer instability or AFM-induced damage tghe present work was not calibrated for quantitative shear
the films. force measurement. However, we do not expect the shear

We show in figure 5 the & 1 um? height and friction forces to differ appreciably from the AFM results reported
AFM images of an initially blue PDA monolayer (near ey Mowery et al. [21], for PDA monolayers on gold, where
bare silicon oxide defect) that was in the process of beirige anisotropic shear forces were in the range 10-35 nN for
transformed into a red region. The transformation only oads below 20 nN.
curred with sliding contact between the tip and sample, and Defects in the blue film such as the bare S#ea assist
took place during repeated scanning3Q scans) at an esti- significantly in the initial formation and growth of the red
mated load of 6 nN and scan rate of 4.5 Hz. Imaging at vegomains. The red regions appear to nucleate at the edge of
low loads (0 to—20 nN) and a 3 Hz rate, in the absence ahe hole. In general, we find the growth of the red domains
significant adhesion, allows us to image the sample withoigt strongly anisotropic, with preferential growth along the
inducing further transformation. The rate of growth of th®ackbone direction. Furthermore, we find that the transfor-
red areas proceeds faster at larger loads; however, variatination may propagate along the backbone diredtigyond
from sample to sample and even within one sample makeshit region where shear stress has been applied.
difficult to quantify the exact load dependence of the trans- From the molecular modeling calculations (below) we es-
formation rate. timate that the head-to-tail distance of thetadlns PDA (fig-

The transformed (red) regions, particularly in the fricure 1) is approximately 31.7 A. AFM measurements under
tion image, reveal the backbone direction (indicated by thight imaging loads (0 te-20 nN) determined a blue-form
arrows) via striations that may be due to uneven packimpA film thickness of 2% 3 A. Thus the nominal molecular
density of the individual backbones [15]. Note that thélt angle of the blue film is 30+ 10°, which is consistent
scan direction is almost normal to the backbone directianth previously reported values of multilayer films [22,23].
in the upper region, which appears to have transformed The blue regions in figure 6 are 222 A thick (45 + 5°
a greater extent (probably faster) than the lower region nbminal tilt) and the transformed red regions ar& 9.9 A

Height Friction

T

Figure 5. Height (A) and friction (B) images (. 1 xm?) of region that was transformed under AFM shear forces. Arrows indicate backbone directions.
The fast scan direction is along theaxis. The original blue (brightest in (A), darkest in (B)) and transformed red regions are labeled as well as the
bare substrate (darkest in (A), brightest in (B)). The heights of the blue and red areas relative to the substrateZaem@®+ 0.9 A, respectively.

(C) Schematic representation of blue-to-red transformation.
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thick (74 + 2° nominal tilt). Thus it appears that the side re-orientation of the side chains towards the surface. Much
chains are being pushed towards the substrate by the tip  of the friction in the transformed regions is most likely due
as it scans perpendicular to the backbone direction. We to increased disorder of both the side chains and the back-
depict this schematically in figure 6(C). It is important tdone packing. However, the re-orientation will also expose
note that the morphology of the mechanically-transformebe side chain methylene (—GH) groups and the conjugated
red region appears to be different from the closely-packeashckbone. Since these have a higher surface energy than the
upright morphology of thermally-transformed red multilayemethyl (Ch) tail groups [24], it is likely that a component
films [22] or photochromic red monolayers made on the LBf the higher friction is due to an increased adhesive interac-
trough with excessive UV exposure [7,15]. However, ation with the tip.
three red forms have identical fluorescence spectra and comSince the AFM tip causes a re-orientation of the PDA side
parable emission intensities. This leads us to conclude tleagins in the manner described above, more steric freedom
neither the overall polymer orientation with respect to this needed to accommodate the increased area per molecule.
substrate nor the packing density significantly influence tfigis is a primary reason why the transformation is facilitated
optical properties of the red films. Instead, we believe thatniear bare spots and defects. This can be seen in figure 6,
is the local strain on the backbone by the (re-oriented) siddnere the backbone direction is parallel to the edge of the
chains that is the important aspect. hole and almost perpendicular to the scan direction. Both
The friction in the red transformed regions increases wgspects readily facilitated the conversion; we see growth of
to 100% relative to the blue regions. Moreover, the lowetite red area along the backbone direction and perpendicular
red PDA regions have the highest friction. Thus the frido it. The 1x 1 um? height and friction images were ac-
tion appears to correlate directly with the compression gquiredduring the transformation, thus they are “stills” from

A Height C Friction

Figure 6. Consecutive height and friction images (le,mz) acquiredduring blue-to-red transformation by AFM shear forces. (C) and (D) were acquired
28 frames after (A) and (B) at scan rate of 4.5 Hz. The arrow indicates backbone direction and the blue, red and substrate areas are marked. See text for
details.
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T=0 T=128 ps T=128 ps
side chains removed

Figure 7. Left part, twelve-unit planar PDA oligomer (“blue” form) minimized by molecular mechanics (note head groups are on top) prior to MD
simulation. Middle part, same oligomer after 128 ps of the MD simulation. Right part, same 128 ps structure with side chains “pruned” for quantum
calculations. The clipping takes plaafter the simulation and is used to simply the quantum calculations.

a long sequence of images: (A) and (C) under a 6 nN 10890 K MD simulation, the side chains of the oligomers be-
and scan rate of 4.5 Hz, while (B) and (D) were acquirethme highly disordered and the backbones developed bends
28 frames later under an increased load of 17 nN. The tramiste to out-plane side chain rotations (see middle of figure 7).
formation rate was observed to increase with higher loathese thermal fluctuations of the isolated oligomers are ex-
but eventually decreased (at the same higher load) as thepedted, whereas in a close-packed film, the polymers would
region progressed farther from the bare substrate. Thus tiee more stabilized by their neighbors. However, for the
side chains were now sterically hindered from re-orienting ptesent purposes, the fluctuations allow us to quantitatively
the same rate. Once again, the friction contrast is substantiample backbone geometries and corresponding electronic

between the red and blue regions. structures for various conformations.
Structural analysis was performed on the molecular
3.2. Molecular mechanics and electronic structure geometries at fixed intervals<Q.25 ps) during the 500 ps
calculations simulation. For the structure at each time interval, eleven

o dihedral angles (between the twelve units in the chain) were
The results presented above clearly indicate that the shegfey1ated along the backbone. The dihedral angles were

forces experienced by AFM tip are due to an interaction withaasured from one-6C double bond to the next. as shown
the side chains that alters their orientation with respect to tig|o-

original plane of the altrans “blue” form. Out-of-plane ro-

tations of the side chains will disrupt theorbital overlap or ¢

o . ” : . . \ Vi
conjugation length,” causing a blue shift of the absorption. C. C=C_C
One of the primary motivations in using the PDA monolay- I \

ers is the potential use of its mechanochromism as an optical C
transducer of disordering, film defects, or shear forces. In
this section, we briefly discuss our initial efforts to use MD In the dihedral angles reported, the origit)(@ set at
and electronic structure calculations to determine quantitahat is traditionally defined as 188ince this is the starting
tively what the minimum angle changes are that result in tifglanar) configuration. This convention makes it easier to
absorption shifts. look at the deviations from planarity. The “average dihedral
Two oligomers with differing headgroups were examangle”is used as an index of overall deviation from planarity
ined in the MD simulations. The first one was terminateith the oligomer. The sign of the angles is unimportant, hence
with the carboxyl head groups of 10,12-pentacosadiyndlee average uses the absolute value.
acid, while the other was terminated with the amide head In figure 8, we show the average dihedral angle vs. MD
groups of N-(2-ethanol)-10,12-pentacosadinamide (showimulation time for the two oligomers with differing head
in figure 1(A)). The latter is expected to exhibit hydrogegroups. In both oligomers we see significant deviations from
bonding between head groups. Eachtiedis PDA oligomer planarity early on in the simulation. The upper curve (A)
was made twelve units long (i.e., twelve sets of side-chaiissfor the oligomer made from 10,12-pentacosadiynoic acid,
above and below the backbone), and minimized by molecarthich does not make stable PDA monolayers. The lower
lar mechanics where it remained planar and ordered. Thigisrve (B) is for the oligomer based on N-(2-ethanol)-10,12-
shown at left in figure 7. During the 500 ps time scale of theentacosadinamide, that does make stable PDA monolay-
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Figure 8. Calculated average dihedral angles vs. time from the molecular
mechanics and dynamics simulation at 300 K. Curve (A) is for the twelve- - 300 ps, 52° -
unit oligomer with the COOH head group, and curve (B) is for the amide
head group shown in figure 1(A) (see text). M 500 ps, 70°
1 1 1 1 1 1

ers. We see evidence of hydrogen bonding between the 300 400 500 600 700 800 900 1000
amide head groups in the smaller average dihedral angles at
each time interval relative to the simulation for COOH head

groups. Thus the hydrogen bonding not only stabilizes tirgjure 9. Absorption spectra from the quantum calculations for clipped

monolayer on the LB trough, but it also tends to counteragitgomers at various times during the MD simulation. The arbitrary
out-of-plane side chain rotation. Lorentzian line shapes and widths are for visual purposes only. Also shown
ds the average dihedral angle from curve (A) of figure 8 for the oligomer at
! the specified time.

Wavelength (nm)

After the MD simulation, some geometries (e.g., at
80 and 200 ps), were selected for the quantum calculations
on the conjugated backbone. To considerably shorten theThe plue-shifts in the spectra are caused by dihedral ro-
time required for these calculations, all side groups wetgtions of the side chains that break theorbital overlap
“clipped” off, leaving methyl groups in their place. Hydro-and shorten the conjugation length. Two important questions
gens added to the methyl carbons were minimized using mgise: What critical angle is required to break conjugation
lecular mechanics while holding the backbone and methyl a way that shifts the absorption spectrum? What is the
carbon positions fixed. A bent and clipped oligomer ighaximum conjugation length during the simulation for that
shown at rightin figure 7. In figure 9, we show the calculategtitical angle? We try to answer these questions by using
absorption spectra of oligomers selected from curve (A) gde index “conjugation length,” which for a certain critical
figure 8. (Once the oligomers are clipped it makes no difngley, we define as the longest backbone length (within
ference which molecule was used for the quantum calcul@re whole twelve-unit oligomer) that is not “broken” by an
tions. Curve (A) offers a bigger range of dihedral anglesngle greater (absolute value) thanThe results are shown
than curve (B).) For visualization purposes, the absorptigm figure 10 for a few selectegd. We see that for < 5 ps
spectra are generated from summing Lorentzian curvesijgthe MD simulation there are some5® dihedral rotations.
oscillator strengths about the highest-occupied to lowegthe conjugation (backbone) length between theSgrota-
unoccupied singlet transitions. Hence, the line shapes afishs drops from the initial twelve units to four, followed by
widths are arbitrary. We also make no assignments concesngradual change to two units over the next 200 ps. How-
ing symmetry, so many of the transitions may be weakly aver, if we compare this index to the spectral shifts in fig-
lowed. Regardless, the importantinformation presented hene 9, we see that those shifts clearly have a different time
is the blue-shift in the spectra due the change in backbordependence and must have requipeth> 5°. Thus we can
m-orbital energies during the molecular dynamics simulaule out very small dihedral angles from our analysis. In
tion. One can see in figure 9 that there is a definite blue-shitbntrast, fory < 80°, there is essentially no change in the
with increasing average dihedral angle (values taken frazonjugation length before 50 ps, yet we see significant spec-
curve (A) of figure 8). We also see that there is a rapid shiftal shifts in figure 9 before 50 ps. Thus we conclude that
fromr = 0 to 80 ps, followed by relatively no change aftethe conjugation is broken for dihedral angles smaller than
200 ps. Itis important to note that these spectra are inst@®. (y greater than 90will tend to “re-form” conjugation
taneous “snap shots” rather than averages, thus there caabéhey approach 180and perhaps theoretically should not
large fluctuations in line position with time (e.g., see spectt@® counted as “breaking” the conjugation. In our computa-
at 200 ps). tions, however, this effect was neglected since our dynamics
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molecular structure changes such as side chain rotation with
the color changes of the PDA films. So far, we find that di-
hedral angle deviations from the blue planar form must be in
the range of 48-60°, every six units, in order to see shifts

in the absorption spectra that compare with those observed
experimentally. The irreversible nature of the chromatic con-
version is somewhat limiting in its potential use asmstu
optical sensor. However, recent successes in reversibility in
modified PDA vesicles [10] may lead to much more versatile
and functional organic thin films.
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significant.) For 20 < y < 60°, the analysis becomes
some less obvious. If we assume that the shift is roughIM]
linear from 0 to 80 ps, and rapidly levels off aftee= 80 ps,
then the “best fits” appear for critical anglesn the range [2]
40°—60°, and that the conjugation length for the “red form” [3]
is less than six units. 4
We conclude this section by noting that we can use thé]
above analysis as a rough guide to morphologibahges  [g]
are required to observe mechanochromism. For the iso-
lated twelve-unit oligomer, those average changes ate 40[7]
60° side chain rotations at least once every six units
Clearly, a more detailed analysis is required, includin
longer oligomers, nearest-neighbor interactions, and sulp
strate effects. However, we can conclude that \a&ngll
changes in the blue form morphology are insufficient fdi0l
mechanochromism, which is consistent with the AFM re-
sults discussed above, and consistent with the 18 kcal/
activation energy required for trilayer thermochromism [6][13]
[14]

8]

[15]
[16]

We have used AFM to actuate and characterize tlﬁg]
“mechanochromism” of PDA monolayers on silicon oxideg
substrates. The blue-to-red transformation was analyzedzig
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