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Graph 11. Effect of DMA on Absorbance Spectra.

Table Three. Characterization Values of the Two Co-Solvents.

Boiling
MW Point Viscocity | Dielectric
Solvent (g/mol) | (°C) (mPa*s) | Constant
THF 72.11 66 0.461 7.52
DMA 87.12 166 2.14 38.85
Discussion.

It can be seen from the absorbance spectra that both co-solvents alone caused H-

aggregation in the film blends. When PCBM is added, J-aggregation becomes

preferential in the THF blend. Because of THF’s relatively low boiling point, it

evaporates very quickly allowing the interaction of the PCBM and the squaraine to

dominate during the spin coating process causing the resultant absorbance to closely

parallel that of the control with minor shifting to the red. In comparison, DMA is a high

boiling point solvent with high viscosity and much greater polarity then THF. It interacts
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with the SQO5 to a much greater degree then the PCBM as shown by little change from

the SQ05:DMA absorbance to the SQ05:PCBM:DMA absorbance.

The differing optical properties of the squaraine based on the co-solvent and/or PCBM
that is present in the system is based on the differences in structural packing. The
differences in structural packing between the two aggregates can be more accurately

defined as the difference in slip angles of the stacked molecules.

Figure One. The blue lines are dye molecules arranged in aggregate form to show the slip

angle.

\\\ Slip angle

When the squaraines are aligned in parallel, simple exciton theory predicts the formation
of the two excitonic bands; one higher and one lower than the monomer energy level.
SQO05 can aggregate either in sandwich (H-aggregate) arrangement or head-to-tail (J-
aggregate arrangement. It appears as if the incorporation of PCBM AND THF helps to
stabilize the J-dimer formation. On the other hand, the incorporation of PCBM and DMA
may help to stabilize the H-dimer formation. The underlying causes of this apparent
stabilization are still being investigated and will be more thoroughly described once the

fluorescence and AFM work has been completed.

Summary

cexxiii



| believe that the two solvent systems will cause the optimized devices to have
different electronic properties. | believe that the THF system will have much higher
spectral response in the NIR region than the DMA system. | believe that the IPCE for
the THF system will be greater because of increased photon collection as compared to the
DMA system. In addition, | predict increased hole mobility and therefore a higher fill
factor for the THF system because the head-to-tail arrangement creates greater driving
force for hole transfer through the squaraine aggregates. In addition, | expect that the
AFM scans will reveal different intercalation of the donor and acceptor moieties due to

the change in aggregate type.

Thermodynamic Analysis

Because of the equality

1
5 AEV\2
_<V)

the enthalpy portion of the Gibbs Energy of Mixing equation can therefore be rewritten as

AH )
7 = (61— 62)°P192

giving the final full equation as

N,V
AGM =kT(N1+ 272
Vi

) [$1inds + @aGinds + 61~ 8015

This can then be manipulated to include size ratios for calculation of spinodal and binodal

behavior of a system in order to generate phase diagrams.
a. Phase Diagrams
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In order to generate phase diagrams, the Hildebrand solubility equation must be

solved for

specific cases. Phase diagrams offer a way to examine the behavior of a two component
system upon temperature and compositional changes. The Hildebrand solubility equation
allows for input of empirically determined parameters like the volume of the molecules
and the solubility parameters. For this work, the volume of the squaraine was calculated
by estimating their length on the long axis using C-C single and double bond lengths (see
Table 1) and then calculating the volume of the squaraine as an ellipsoid. The volume of
the PCBM was calculated by estimating its diameter using C-C double bond lengths and

then calculating the volume of the PCBM as a sphere.

Table I. Bond lengths and values for volumes of molecules.

Squaraine

#C-C single bonds 5 | C-Csingle bond length (A) 1.54

#C-C dbl bonds 8 | C-C dbl bond length (A) 1.34

#C-N bonds 2 | C-N bond length (A) 1.355

#C-O dbl bonds 2 | C-O dbl bond length (A) 1.23

Total length (A) 21.13 | Total height (A) | 514

Total area (A”2) 341.029748

Total volume(A~3) 2337.19054

Total

Volume(m”3) 2.33719E-27

PCBM

#C-C dbl bonds 16 | C-C dbl bond length (A) 1.34
total radius 10.72

Total area (A”2) 33.6608
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Total volume(A”3) | 5157.660372

Total
Volume(m~3) 5.15766E-27

The Hildebrand solubility equations are quite large.

it — @20 + (1 - S + 1 S )

}1

C — ()"

= (1 — ($:h] + (1 - i}qﬂu}n + ¥ ’--; —
':‘5 (2.62)

nfgaa] + (0 — At — @] 4 O I g2

(8, — 8;)°

= Indalp] + (1 = M1 = (@a)e] + Vs = [1 — (2]

The two equations can be solved for various size ratios differences (r = V, /V5),
temperatures (T), and solubility parameter differences. The first solution of the equations
generates the binodal curve by setting the size ratio to 1 to generate the following
equation.

_ V(81 = 8)°

In [a - 1] = BT [1—2¢24]
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Figure 7. Theoretical binodal curve for SQ:PCBM mixture, size ratio=1, solubility

parameter difference = 5.29 cal/cm®.

It can be seen in Figure 7 that at any given temperature, a line can be drawn to find the
points of equilibrium for specific concentrations. The red dashed line at 300 K illustrates
this point; when the volume fraction of PCBM is less than 0.1 (10%) or greater than 0.9
(90%) it will all be in Phase A. When the volume fraction of PCBM is between 0.1 and
0.9 it will be in Phase B. If a vertical line is drawn at a specific PCBM volume fraction,
the impact of changing temperature can be examined. The green dotted line at 0.4 (40%)
volume fraction PCBM illustrates this second technique. If the mixture is initially at 400
K it will be in Phase A, and then as it is cooled it will move into Phase B. However if the

mixture is initially at 0.05 (5%) volume fraction PCBM and cooled from 400 K to room
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temperature, it will remain in Phase A. These two tie lines demonstrate the large amount

of information that can be gleaned from these phase diagrams.

Another approach for solution of the equations is to determine the spinodal curves

at a variety of size ratios. This is done by starting fresh from the Gibbs equation

N,V %
2 |@uings + boGHInG: + (51— 8%

and calculate the partial molar free energy by taking the partial derivative of the Gibbs

AGM = kT <N1 +

equation with respect to the number of molecules.

0AG

Aﬁq ::EEVT P,TZAG
i

The volume fractions are rewritten in terms of numbers of molecules and size ratio, r.

_ Ny _ TN,
¢1 _N1+rN2'¢)2 " N; + 7N,

Substituting this into the Gibbs equation and dividing both sides by kT gives

AGM

7 (61 — 8,)2

N rN V.
= INlln—1+N2ln z !

N rNiN,
N1 + TNZ N1 + TNZ kT

N1 + T'NZ

Taking the differential in order to calculate the partial molar free energy, the following

equation is obtained after converting back to volume fractions.

5, — 6,)°
(lkTZ) ¢%l

1

0Ap,
0,

Finally, a spinodal equation can be obtained by applying the criterion

T,P=0,

which states that the chemical potential of one component will not change with respect to

the volume fraction of the other component at constant temperature and pressure.
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0=(1-a 2¢,(1 i 2
= (1-7) (1= 62 + 261 = ) (01 — 82 1

This was solved analytically and supplied with the estimated volume as shown in Table I, as well
as the same solubility parameter difference used to generate the binodal plot shown in Figure 7. A

variety of volume ratios were chosen as shown in Figure 8.
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Figure 8. Theoretically generated spinodal curves for SQ:PCBM mixture.

l. Discussion

a. Interpretation of Results

Some of the results are fundamental and qualitative. For example, we were able to
decide that the SQ:PCBM solution during spin coating is likely to form domains that are

describable using spinodal decomposition, while the SQ:PCBM film during annealing is
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likely to undergo phase transitions through nucleation and growth. The film mixture can
be described as a “solution” in that it is a mixture composed of two unique components.
Each of these components has at least two phases, amorphous and crystalline, and these
will coexist in the film depending upon the temperature and volume fraction of each of
the components. The Flory-Huggins approach to modeling our system is not going to be
the best approach because we have a lack of experimental data to fit to the model, like
Enrique Gomez’s group was able t0°¢1%%, The Hildebrand solubility parameter approach
was able to actually generate graphs for us, and the solubility parameter could
conceivably be determined experimentally for our materials. The volume could also be
determined using computational chemistry. | believe that this approach will be the most

beneficial in terms of generating usable theory.

| have been unable to determine the impact of r by simultaneously solving equation
2.62. That remains an unanswered question. Additionally, there are several problems with
the temperature ranges that have been generated thus far. | do not feel that | have a
completely solid grasp on how the equation needs to be manipulated to fit our systems,
and what the potential weaknesses of the Hildebrand model could be. Investigating the
Flory Huggins treatment in depth allowed me to see that it would cause problems for our
system because there was no way to incorporate partial miscibility, which we think we
have in our system due to the intercalation of the SQ and PCBM domains. I don’t know if
the Hildebrand approach will actually allow for this treatment. | think the Hildebrand
approach does have the significant advantage of allowing for inclusion of experimentally
determined results, whereas Flory-Huggins only fits to data. Additionally, the Hildebrand

approach allows for a “backdoor” empirical look at the total amount of molecular forces
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of attraction that are generating the domains in our films. Further data collection would
be required in order for us to be able to actually get an idea of which forces were
predominate in our films, as we would only be able to really look at the total interaction
strength, w. Even then, we would only be able to calculate that strength if the Stachard

mean approximation held for our system, and | have not convinced myself that it does.

b. Presentation of the Course

The course started with a Gomez paper that | reviewed in journal club that used the
Flory-Huggins model to explain their data. | was tasked with explaining both the paper
and the Flory-Huggins approach. Upon attempting this, | realized that | needed a much
more extensive treatment of polymer thermodynamics and turned to the library. |
generated a series of 90 minute lectures/discussion presentations on the topic of
Thermodynamics of Polymer-Polymer Miscibility and presented them. | also made a
spreadsheet to do a complete theoretical model of the Hildebrand approach, and

presented that. | then ended with the paper being read right now.

c. Possible Changes to the Course

I think this was a very difficult course to give because it was so broad and not really
guided by anything besides my own interests. | tried my best to give thorough treatments
of the things that | found interesting, but | often under or overestimated what the other
participants knowledge base and interest level was. I tried to consistently articulate that
my goal was to understand the annealing process, and explain how each
thing/presentation/spreadsheet | prepared related to that, but I feel that I failed at making

the connection for others more often than not.
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For this to be a better course, 1 would want to choose a specific path ahead of time
and stay focused on it by picking one method to evaluate, or one specific problem to
solve. | would give tangible requirements for what knowledge needed to be imparted to
the group. 1 would do a survey ahead of time to see what people knew and what they
didn’t. I would want the other members of the class to be doing as much work as I was so
that we would all progress together and I could be questioned and challenged in ways that
broadened my understanding and caused me to have deeper and more critical insights
regarding the information that | was learning and teaching. | would definitely make sure
that | went through and derived the entire math before a presentation so that | was more
confident with the interpretations of the results. Finally I think this should have been a 4-
hr a week course instead of two. There is so much value in better understanding

thermodynamics, and especially the thermodynamics of our systems.

1. Conclusions and Future Work

This quarter course gave a broad overview of the field of polymer thermodynamics
with focus on two possible approaches to understand and describe phase equilibrium and
phase transitions of multi-component systems. Phase diagrams were generated for one
system the Collison Group is studying. Future work includes measuring solubility
parameters for materials experimentally, calculating spatial values of molecules
computationally, and figuring out how to simultaneously solve two equations chock full
of natural logarithms and variables. Additionally, I believe it would behoove all the
participants to write a very brief summary of how thermodynamics can guide
understanding of devices and films, and how we can benefit from being able to use them

as a predictive/explanatory tool.
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