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Fig. 1. Molecular structure of PMMA monomer unit: (a) Before optimization; (b) after optimization.
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K2y 3.4%, HHR AL G 458 1 C3—C4—016
15 CCDC I 46 45 16 45 th 1) BUME 1 AH 22 K2 2%.
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Table 1. Part of the structural parameters of PMMA

monomer unit after optimization (Bond length, A; an-
gle or dihedral, (°)).

ZH LREARE P CCDC ##fl
H1—C2 1.0935 1.09
C2—C3 1.5425 1.54
C3—H7 1.5202 1.53
03—C4 1.5315 1.52
C4—016 1.2075 1.25
C4—05 1.3529 1.35
05—C6 1.4397 1.42
H12—C2—C3 110.6735 109.7
03—C4—016 125.6974 127.9
016—C4—05 123.0051 124.0
H12—C2—C3—C7 62.6261 60.1

N T 0 e PMMA SR BG4 T S5 1 11
Fa s Ph, B 17 1 S B AT R S e
T 9 4% H 20 7 BE & i T 0 i MEL R, B T
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C=0 B KIZWH K, WEEK S HER AL i,
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C=O0MKMRAWE 2 frax. WK 2 TLUE S, ££
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TATFREE MR ME S, Bk, # TRER
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Fig. 2. The molecular energy of PMMA monomer unit
vs. the C=0O bond length.

2.2 PMMA £k B TR R KIERIHT
SRITESERS S

FIA (1), (2) F1(3) =X, @i 3k15 PMMA #ik
BTG SR A EE 7 2 ] DAL R PMMA AR BT (1)
ENRIETETE SIS I S S NPTy e
R /N ARAL S B PMMA BAK BT 5 1 45
'\ % Gaussian 09 F AT B AZ Il fb 2
THE. PMMA SR B0 & AR 7y BT 545
Rk 2 o, Hrh MR AR FH 2 R 7 A7
il (a.u).

F2 PMMA FARFICIEAR B KNGO & B35 &

Table 2. Polarizability of monomer units of PMMA at

different wavelengths.

K A /nm

1530 1540 1550 1560 1570

Wb % /a.u

Qo 70.9815 70.9781 70.9640 70.9713 70.9679
Qyy 73.9563 73.9526 73.9651 73.9455 73.9419

Qzz 59.8942 59.8917 59.8826 59.8869 59.8846

R 48 % 2 1 U152 & WAL = 0 & BodlE,
¥ag = 052917 A, M = 0.102 g/mol, p =
1170 kg/m?, Na = 6.022 x 10248 (1), (2) f
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(3) o 513 B PMMA 72 Y 77 1) b (31 58 % 4>
&, XZ i B4 o & LU PMMA ) AAE
WA Ang = ny —nyy, EHEERINFE 3 A,
TSR] PMMA 7£ 1550 nm AL R 5
SCHR (23] R BUE S AARTT, 228 1%, X iE—
AAESE T PMMA BARZE R ALAG ) & B

LRk /RN TR SN S i B NN, & NI N
AR BGPTSR FOR I PO RSt T

REWBARBITTH T B R a iR R, X2
T AR TP I AR o T AR B, HE
3 [24]

Oy + Qyy + Qe (4)
3 .

ASCHTTHE R PMMA 44 550 1t 50t 25 an
K3 PR, £ v 13 2 PMMA S84k 5501
T HUE & —2.77 x 1079 nm~!, 5 3CHk [25] 145 31
FEA—FL

o=

#3 AEVEKT PMMA BKE o035 R

Table 3. Refractive index of monomer unit of PMMA at different wavelengths.

A/nm nyy ny n An=mn, —n/
1530 1.546916349 1.473070821 1.497236112 0.073845528
1540 1.546883366 1.473045938 1.497208633 0.073837428
1550 1.54699480 1.472948096 1.497178007 0.074046704
1560 1.546820076 1.472997017 1.497155109 0.073823059
1570 1.546787986 1.472972978 1.497128492 0.073815008
1.49724 | Horh, Ang RAMEXTH R, 0 BB 0 THEE
1.49722 SR TR, Py(cos8) ARG L7 T1E
"
g oy Fe—J7 ) (AR SCH X Hh 7 1)) BB EUR] B2, WTH (6)
E 1.49718 | X3 (121,
S 1.49716 |
£ 1{. 1
Q L
g 149714 Py(cos®f) = = | 3— Z {cos®0) —1], (6)
1.49712 2 N -
1.49710 . . . . " N
1530 1540 1550 1560 1570 KA NN TEEECH, i NEER)T S, <COS2 0) & &

Wavelength/nm

3 PMMA it iph2k

Fig. 3. Dispersion curve of PMMA.
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09 FR A H AL AL S5 1Y) BR A4 B2 5T 45 14 5\ BI Material
Studio, #8548 id MD BT A5 21, Hood 72 45
eV RN RTop - RIVIN S VA e ) s R NN E VSN
A VL A AT R S A R A

N T RORAE 53 1 3l ) 2 A5 AU, o PR B T A Y
&M, 528 75 B 4E Material Studio X 454 i3
AT U AR A, U4k B3 BR & 2 B3LY P ZR 10 %
FEZ ok, T T &4 ok B IR %% 7 38 hn
WAk bR B XU 2 4H DNP (double numeric with
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polarization), %43 3G 48 L H-7 /)R F§ DFT-D
(7 34 1 (B X2 B3z ok 3EAT s 1E) 7)) 9
F DIIS Fl smearing K i3 H ¥4 3 (SCF) U 8 P71,
Horp B B ShR HE N 1075 Ha, SCF UL SUhr #E N
1078 eV/atom. 5248 H M, X B 1R E ISk
fl Cli /T PMMA SR TR RE A8, WA 2; T
SCF YshbrfE i O T — M MD THE RIFS
PLAF & PMMA M RME R B2 R, AL E RS, &
FHAH TR ()32 o A1 B XA J5 B 93 1 S5 /) AT 1R
B3, YRBN 534 &5 B[R 2 W I i B A4 PR T S5 A

NT R GBI o FRESE M, TREES T
HEAE RN W B AW PMMA MBS (REYMK
TR EESMETEHE, R DL sy
TR, FEXF PMMA 4> T-8EHHT LR AL, TEASC
H, PMMA REWI R G E R BN 20, HRAT
AR JUAR S EO B R U2 LR sk
N smart, 35 PMMA &Pk R B shik B L Hie
FEVE B IE N Bk T, B B n R B SIOhR 1
N2 x 1075 Ha, JETFH RN RIS bR RN 1075 A,
XA SUE 3 /T PMMA B4 BT fE R (E
Jor FHER; 71351 B vl HEwR B LB RS S5 1 IF
& T w0 TR EHE COMPASSIT /147, #: e 1Al
YO8 L 38R & A T R A AR R I Atom
based JR T#WT 7, HrpaEBEa 185 A, HAth
BINBINRE. S R T 4 Fros.

K4 RGN PMMA 5 TR
Fig. 4. The optimized molecular chain models of
PMMA.

N T S PMMA MRS 55 BT AL J5
1 PMMA 73 185K H SR R iE A — N 5 20
Z o> FREIBIL G 7. IX N AE G RE R AR By

Amorphous Cell, BRI SHON 2 REY %
FEBEE N 0.05, N 298 K, 1135 COMPASSII,
FH R G T A AR R B Ewald J5 %, =4k
JABAYE T 5 2% A, HoAt R BRI BB, A2 B W46
PMMA R 40 B 5 FroR, B A ) (1 HE 3R 78 B
WE TR, A PMMA 71, FC¥2 k.
WIUH R A R S AR R, 2RI, AT DA
EE S, A Tk E Rl Bg . RE1ZY6
PMMA # B 1 5 S2Br BRI, Hidid T
SCEHI) 5y B 7157 0] LS B 5 S B AR R
R G RME R

K5 PMMA FEHRIHIAERA
Fig. 5. Initial material model of PMMA.

N T ARSI PMMA BB 254, T8RS
BIWI U6 45 K4 i MDD AL, S MD BRI 7 AL 55
T A g ARk B R REEAE B SRR
R R E A R R T B — N, TR X
I BE R A — 52 B[R] 1) 23 1 30 7 AL, H R
PHETFRA VIR R, MY SCER [11], H5E PMMA #
BHR ZA G R, BB ISR RE5E
FIEMRLZENVT, @ERE N 1000 K, KA1 s,
&) 1722 18] 150 ps, 4% i 5 125 1% 5 Nosé-Hoover-
Langevin (NHL), Q{EHX 0.1, % %4 10.0 ps,
7135 1% ¥ COMPASSII, Hifif (17135 H 3 4 fic, #
HA, ) R4 B H- 3 ) 250K R O& T A S A &R
Group based FLfif ZH &k KT 77 =i+ 5555 2 [ B AH L
VRIS, Hoh 2% B N 15.5 A, JExfvuse
FLEH 7R KRR, mil s B s MR Ak &
St 6 s, BT IR, ERATEBIT
S, 7E 120 ps B9 MD B4 5 PMMA # kA& 5 X
AIE B, iR e S, BT IR R R
FE s, BT bAor FRvissh+ 43 iz, K 6 T LUE
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P Z 0 i O fissh BRI E TAhE, Eh T
JA ST AR AR IS, oAU TC R i

K6 midihigE1 PMMA REWIk R
Fig. 6. The material model of PMMA after a high

temperature relaxation.

7 BAKJEHEE PMMA REYIA R

Fig. 7. Material structure of PMMA after annealing.

N T BRI T PMMA B AV 45K, &5
Wi B G R BIM R KR FIR. ASCRHZGR
K, BSOS REMSER E W 1012 REGIERSIR
FHERLZNPT, Hizi R E 208 K, K1 fs,
) )12 (8] 450 ps, ¥4 777205 NHL, Q {HHX 0.1,
FERCH BN 10.0 ps, #5815 75 12:0% % Parrinello, [k 77
W E N 0.0001 GPa, &M B % 200 1.0 ps, /13
1% COMPASSII, Hiff 1 /)3 H 350 B, &)
G 18 BLF-H /3359°K H Group based 7 =X, i
BB N15.5 A, FHn T FE T R KRR .
1B KJG [ PMMA M kL5t an i 7 Bros. @ ikig ok
ERR AV ELZEAH, BRE DT80 i
sy, G2 [ ) B BR S 4 /DS, A 7 BT, AT A ok 5

BT BIE TR SRS/, RaV 1%
JEE A AR LG K

8  HHUAFIN PMMA #Hk4: T8
Fig. 8. The all-atom material model of PMMA.
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Klo PMMA X&YW H

(b) XRD K

Fig. 9. The polymer system of PMMA: (a) The

density-time curve; (b) XRD graph.

N T IRECPMMA B85 W)k 5 10 ot K& H s,

T BRI KR ) PMMA B 847 5 T2
D1, LIRS R A E B9 PMMA #4842 J5
TR AR IR K5 K PMMA MPRHES R i T

(a) ¥ 2 1 1 % 40 B,
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150 ps I NVT REE T B 53 T3 1 54540 J 200 ps
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K 0.1 fs, HMSEREEAE. 5T 1% wm)E
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G R, 0 At A ek G i 4 7 B B
FAERME Y B4 57, 175 BAE Material Studio 1 H
Gaussian BN Spin i U i B 5 FIAF R B
IZHUE.
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9B AR 5E ) PMMA PR S AT L
52t PMMA ) 40 T U FE, AR (5) A
(6) ST BN H O 2. 550 T4 i BT
T B THE (cos? 0) 38 i 5 i PMMA Bk}

BEAY e R BE E B R T AL bR R 3RAE. M (6) AT AT,
B[] E Py (cos?0) N 0B, 5% 73 18 (cos? 0) BL
T 1/3. WNERAGHINEEFK THEN (cos® 0) ]
PLE 3, BB (cos? 0) $7E 1/3 I, EEUE A
ZE 5. XU AR 5k 40 1 B I R FE AR BLAIG, 3K 2 A
DNAE AN 73 T8 R BE B B AR TS e HE A I, T
Ba %0 AR R AT I, KR 4AME
FEARN (5) F1 (6) I A Po(cos?§) = —0.0071, M
1M 753 2 PMMA #EMEAS [ B A XT3 %,
5 .

%4 PMMA MR 55 40 R0 (cos? 0)
Table 4. (cos? 0) of each moleculr chain of PMMA.

BP e (cos? 0) BT (cos? 6)
1 0.33152 11 0.30809
2 0.33569 12 0.30232
3 0.34453 13 0.33956
4 0.33821 14 0.31825
5 0.33465 15 0.32371
6 0.32539 16 0.31834
7 0.32225 17 0.34275
8 0.34802 18 0.33824
9 0.32963 19 0.31976
10 0.33275 20 0.31907

#5 PMMA MEARIRA T BT 2
Table 5. Refractive index of PMMA material.

A/nm
1530 1540 1550 1560 1570
Ang 0.073845528 0.073837428 0.074046704 0.073823059 0.073815008

An = AngPz(cos ) —0.00052430

—0.00052424

—0.00052573 —0.00052414 —0.00052408

EAF 8 0, PMMA (0037 G P 52 L R 4k
SHRAAAL BT E R, ALK PMMA # R 2
TSR EY, FX LSS T i SR A
RaVrrE T 58 PMMA PR X 54 7R

FE AL T5 % (Fetmnan s BT U0 AR ) ok
S b oy TR IR BEORSEHL. B, AL
AT 2 PMMA 4B AL XU 5 I A AR =,
PRI, i e ARG e B AR X AT 5 3 1) JE 5 W

BRI HR A A& AR PITE, SCBLE &) 7 1 5%
REF LR BUA B, By @A R ] 46 AT S5
7T,

4 %2 #®

AICKDFT 5 MD M4 &, @32 7 WNEE
1 B 1 S5 40 B 22 73 1 BE X R GE Ik R X B R
BB THE T VA, FER I PMMA B0k B TR R 1) 2
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K MD J7 ki 7 4 R PMMA MR Jf:
HE TS 2 T PMMA 76 A 3K R 144
BTG 2. TR 45 R R PMMA 73 T 754N [F %
KN AN T S 2 I8 F] T 0.0738 £ 0.0740 2 [H],
T PMMA #PEMEA [R138KF Br R 30 1 SR (0 X8 5
FIAE0.00052 Fe A5, 5 SCHR [13—15] H i)l & AE
FER — M. Hoh B R 2= v Rek B T
B E M, DL B AT SR 4 5 A
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GERAE— B E LR T 4 A WAL TR
HRA VIR S 14 1 38 FH

M FEEs R aT LLE 2, AWM R 0T 5
22 [F] BN 52 3] A 50 AR AR AT S AR R 43T
BEH 1) BE R RE . AEAR S, R PMMA FAA
JCHEA BRI AE BT 4 2, {272 T PMMA 4
THE P SRR B G DL R A T EE AR B (M HE S B B
HUPE, A FCHC ] BERAR, A5 80 PMMA M okHR 4
T F B R 0T S e AR /. TR, A SR AR T
SRR I R A M R, — T T s I i s B
A B AR R AW AR B TSR A = R A
ARAEXAT 2, Ty — U7 T e A& i AR (B
SMINEL S B UIE I AE) 32 5 R A A RL b 4y
FRVE I B2 . ASSCOA I 0 184 5ik 3R WA B 0T 6 P 1Y
B SE KT B T &AM R T E T
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Abstract

The birefringence is one of the most important properties of all kinds of optical materials. and is widely used in
many basic researches and industrial fields. By utilizing high birefringent materials or waveguides, a variety of unique
and interesting optical features or functions can be achieved, such as in manipulating the polarization of an optical beam
in a miniaturized way and providing the organic electro-luminescence display. Crystals, liquid crystals, semiconductor,
silicon, ferroelectric material and polymer can exhibit their birefringences. While polymer materials are commonly used
to fabricate optical films and waveguides, most polymer materials show relatively weak birefringences, and thus they
are restricted in realizing novel functional photonics devices. In the past, such a weak birefringence has been roughly
characterized in experiment. There is a lack of systematic method to theoretically calculate the birefringences of polymer
materials, especially at a molecular level. This restricts the research on enhancing the birefringences of polymer materials.
To study the birefringences in fluorinated polymers and find the way to enhance them, the origin of the birefringence in
fluorinated polymer should be investigated in depth and the birefringence should be exactly calculated. In this paper,
a theoretical method is established to calculate the birefringence of polymer systematically from the monomer unit to
the molecular chain. Based on this method, the limiting factor that leads to a weak birefringence in polymer material
is investigated. Taking the polymethyl methacrylate (PMMA) for example, the density functional theory (DFT) is first
used to study the intrinsic birefringence of PMMA, where the intrinsic birefringence value is indeed the birefringence
of the monomer unit and is also a maximum birefringence of the polymer material when the molecular chains are fully
oriented. In the DFT, a stable structure of the PMMA monomer unit is constructed, and the intrinsic birefringence of
this PMMA monomer unit structure is calculated. The calculation result shows that the intrinsic birefringence of PMMA
monomer unit can reach up to 0.0738, the dispersion curve of the average birefringence of the monomer unit is also given.
Furthermore, the molecular dynamics is used to study the material birefringence of the PMMA material consisting of
20 molecular chains. The calculation results show that although the intrinsic birefringence is much larger, the material
birefringence of the PMMA is only 0.00052, due to the low degree of orientation of molecular chain in the PMMA. It
is found that the molecular structure and the molecular orientation of the polymer are the two main factors influencing
the birefringence. The theoretical method established in this work and the calculation results provide a research basis

for enhancing the birefringences of polymer materials.

Keywords: poly-methyl methacrylate, birefringence, density functional theory, molecular dynamics
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