Unveiling the Blackbox: Designing a Student

Built Polarimeter from Vernier Sensors

Dr. Chad L. Landrie

Oakton Community College
2014 ICCFA Dr. Joseph Cipfl
Grant Recipient

October 30, 2015




Our Goals

Some molecules are chiral.
Chiral molecules rotate plane polarized light.
A polarimeter measures the magnitude of this rotation.

We aimed to design a polarimeter that students could build.
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Objectives

recognize chirality and
associated properties in
molecules, especially biological

describe the nature of light and
its polarization

apply Malus’s Law (a cos2
function) to find optical rotation

construct an analytical
instrument

investigate the measurement
limits of an analytical
instrument

do something new!




Objects Can be Chiral

Achiral Chiral
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Not superimposable

An object is chiral if its two mirror image forms are not
superimposable on one another




Molecules Can be Chiral

Achiral Chiral
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A molecule is chiral if its two mirror image forms are
not superimposable on one another

\Y;Qaquﬂ carbon with four ligands = chirality center 4



Molecules Can be Chiral

CHs CHj CH
: 807> 3
HO“)\/ : \/K"OH — Cl\‘)\/
Cl : Cl HO
mirror image
1 2 2

A molecules is chiral if its two mirror image forms are
not superimposable on one another
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Molecular Chirality in Nature

CH3 CH3 O
. N H
enantiomers
\ H H — OH
(R)-(-)-carvone (S)-(+)-carvone monosodium glutamate sucrose
(amino acid) (carbohydrate)




Chiral Molecules Rotate Plane Polarized Light
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Hs CHs
o o N
3 H
enantiomers
< > g O:g
H H —

\ OH
(R)-(-)-carvone (S)-(+)-carvone monosodium glutamate sucrose
(amino acid) (carbohydrate)
[a] = -61° [a] = +61° [a] = +24° pH <2 [a] = +67°
[a]=-5°pH =7

\;Oakton enantiomers = two molecules that are non-superimposible mirror images 7



Chiral Molecules Rotate Plane Polarized Light
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% ..... > rotates +20° i . //////
4 “ 20°
unpolarized polarizer plane polarized sample cell
light (fixed) light (optically active sample)
Light source must be monochromatic wavelength (A) plane of oscillation

since chiral molecules rotate different «—> o

wavelengths of light by different Light is a transverse

amounts (optical rotary dispersion) wave that oscillates
in all planes.




Malus’s Law of Two Polarizers
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% ..... >. . 444 . IIIIII ..... no sample ‘ IIIIII
rotates +0° THITEY
v° N 0

unpolarized polarizer plane polarized sample cell analyzer

light (fixed) light (optically active sample)

= 1 I=1Io % cos? (9)
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Measuring Optical Rotation

Optical Rotation = the difference between reference and
sample at any congruent points in the curves

Intensity (1)

\Yf Qakton 10
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Optical Rotation is Concentration Dependent

0° Tr 0" 2
B N
% ..... >.. S uun rotates +2° W or
) 0 S 2
unpolarized polarizer plane polarized sample cell analyzer
light (fixed) light (optically active sample)

a

observed

specific optical rotation, [a] =
pathlength (dm) * concentration (g/mL)

§Y;Oakton also varies with temperature to a small degree 11
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Trade: Prilosec; Generic: Osmemprazole
Configuration: R; [a] = +160°

v
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OCHjs

OCHs

Trade: Nexium; Generic: Esomemprazole
Configuration: S; [a] = -160°

Specific Optical Rotations of Mixtures

% Prilosec | % Nexium ee O?ﬁgal\lﬂstol:?g?g] @l
100 0 100 +160°
75 25 50 +80°
50 50 0 0
[ § Nexiumm. 25 75 50 -80°
0 100 100 -160°

optical purity (ee) =

[OL]observed for mixture

[OL]pure major enantiomer

VOcOHH enantiomeric excess (ee) = | enantiomer A% — enantiomer B%)|
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Polarimeters in Our Organic Laboratory

A =t con® (D)

a5 %0 135 225 270 315 360

180
angle (©)
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Polarimeters in Our Organic Laboratory

Advantages: Disadvantages:

« fast measurement « fast measurement
 easy to use  easy to use

 manual = affordable « Can become a black box

W Oakton 14



Polarimeters in Our Organic Laboratory

Our Goals:

» design polarimeter that could be built repeatedly
» plot Malus’s Law for optical rotation determination
e perhaps do something new

Y Oakton 15



Combination 1.2 m Track/Optics Bench

« foundation of polarimeter, 2 m

« polaroid filters, light source and light
detectors snap onto track

B _—

L

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

WY

Polarizer Rotary Motion Sensor

* rotate by hand * Connect to polarizer

* may read angle on (rubber bands supplied)
analog scale * Resolution = 0.25°

 orconnecttorotary « maxspeed=7.5rev/s
motion sensor * Quadrature optical encoder

16



Light Detector Red Laser Light Source

« Si-photodiode « Wavelength: 633 nm

« Produces voltage proportional to light « not a common wavelength
intensity (lux) « but cheap: $120

« Spectral range of human eye « green available: $250

« 3 sensitivity ranges (0-600, 6000, 600,000) adjustable angle
¥ Oakion 17




Data Collection

DEO&E = - BHEACCSNEAN/ MEDD o4 ®

No Dovice Connacted

57049|  19.016333
57050|  19.016667

67081 10017000
57052 19017333 2 °
67083|  19.017667 1456 137 3
57084 19.018000 '

* Connect sensors to LabQuest2, [ iumination-Reference
$329 133 lux
« Collect and process data with ”'“m‘:j;‘;”l‘samp'e
LoggerPro 2“’(‘)83
» Oakton has a site license so all RPM 2.
students may download for . .
offline data processing Time min g \N{ il

v Oakton 18
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Vernier LoggerPro Curve Fitting

llum = A(COS(BX+C))2+D -C = phase shift parameter;
degrees offset from zero

~Coani| [ Coampi
\\ {/
A;O Fitfor: Blank | lumination o a=(_csample)_(_cblank) LoggerPro will fit cos? curves,
‘ llum =A*(cos(B*x+C)}2+D

o=(5627)-(3421) give coefficients:
a=20.06° A = amplitude
\ B = frequency
C = phase shift parameter
D = y-offset

A:106.3 +-0.06312
B:1.000 +- 1.693E-006
C:-34.21+-0.0003008
D:2.552 +-0.03363
RMSE: 0.6273 rel

100+

50

Illumination (rel)

Starting angle for background/
reference is irrelevant

|
Auto Fitfor: Sample [ lllumination
[llum = A*(cos(B*x+C)y'2+D
A:106.6 +-0.05647

B:1.000 +- 2.297E-006
C:-56.27 +-0.0004001

D:2.487 +-0.03269

RMSE: 0.6598 rel

Optical rotation (a) is found by
difference

T T I I 1 1 Ll Ll I T I I T
0 100 200 300
Angle (°)

\V/Qakton 19
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Investigating cos? with Desmos

®o0® < [em] fat = A A L] & desmos.com < i) (=)

iiii BusTracker RMP v chadlandrie v Oakton ¥ Chem Order ¥ Journals v Database v Instrumentation v Finance v News v Social v Music v Programming v Apple >>

= Malus's Law

g B«

N I=4dcos(B-x+C)2+D o8

» developed a Google
I=lllumination; This is the amount of a Desmos graphlng

light reaching the sensor after 06
passing through both polarizing

filters and the sample. These are CalCU|at0r g raph fOr (;OS2

the variables in the LoggerPro
cosine squared curve fit option.

+ allows students to use

D Lo sliders to investigate

B=1 properties of coefficients

‘ | T i T g given by LoggerPro curve
fit

D=0 L * blue stationary; red

— moves with sliders

y=cos(x)?

Q00 0 0

This is a simple cosine squared
function with no additional variables.
In other words, A=1, B=1, C=0 and
D=0. As you change the variables
for the function above, watch how
the curve changes relative to this

one. -

W Qakton 20




Investigating cos? with Excel

Illum = Acos(B*x+ C)*+ D
] i ( o +17.8
optical rotation (&) =~ Cyppie —  Creference

2

'+ Background/Reference |

5 A 1 A 1

6 B 1 B 1 . .

;¢ | -1s9 c | 337 » sliders used to adjust
o 0 D 0 coefficients for cos? curve

« Both background and
sample could be changed

« optical rotation is calculated

Illlumination (lllum)

0D P O DDA
VRS PLPREG

Angle (degrees)

= Backgrou nd/Refe rence == == Samp]e

L s umeF_l I

gl
[ ormal View | Ready Sum=0 > [ [ ] 4

NINN NN R | e
B WNHOWLORNOOWVLEWNEHEO
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wvi
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Polarimeter Assembly

o
no sample ‘
rotates +0°
o. \
unpolarized polarizer plane polarized sample cell analyzer
light (fixed) light (optically active sample)
polarizer polarizer light detector
red laser (attenuator) (analyzer) (connect to LabQuest)

rotary motion sensor e
(connect to LabQuest) =

A A A e e e~

Oakton 29



Measurlng the Angle of Rotation

connecting rotary motion sensor
to polarizer with rubber bands was
highly problematic

* rubber bands slipped with low
tension leading to inaccurate
angle measurements, especially
when rotating by hand

* motor could not drive RMS when
bands were under high tension

» Elasticity of rubber bands caused

forward rotation to give different a

than reverse rotation

¥ Oakton 23



Gears Are Better

green gear affixed to analyzer
with superglue; hole drilled in
center for light path

blue gear screwed onto rotary
motion sensor

gear ratio 1:1

precise measurement of
rotation with no lag; 360°
forward and back

User rotates green gear/
analyzer by hand



Low Precision for Background Measurements

phase shift

/N /TN

NS N

lllumination (lllum)

0 45 90 135 180 225 270 315 360

Angle (degrees)

o®

[

2 rev/min > 5

‘T 82 & & .

5 . 600 samples/min ’Q’

= 81 'S *®

o 'IR X P4

9 ®

sg8 | 0=0.89°

[ 79 ¢
0:00:00 0:05:00 0:10:00 0:15:00 0:20:00 0:25:00

Time (min)

measured background no
sample

turned analyzer forward 360°
and backward 360° for each
measurement

analyzer turned by hand 5-10
rev/min?

Used LoggerPro to fit cos?
curve and find phase shift
parameter

sampling = 600 samples/min

\/
Y Oakton
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Further Modifications
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» gears allowed us to precisely control rate of
rotation of analyzer (rev/min) by connecting to a
DC motor driven by a low voltage power supply

+ Two power supplies = rotate both directions;
« 0-20V; 0.5 amp limit
* agear box was essential for rate below 10 rev/min;

higher gear ratio allowed us to use higher voltage
to overcome friction, while lowering rev/min

\
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Significantly Improved Precision

Discoveries:

83 -
rev/min > 5 « Rotary motion sensor default precision = 1°
825 | & 600 samples/min «  LoggerPro must be changed to X4 Mode
PPN no X4 mode which has precision = 0.25° (max)
82 o =0.89° * max sampling rate for RMS in LoggerPro =
(V]
2 ’0 6000 samples/sec
§ 815 ® %  lowering rev/min of analyzer decreases
E * P required sample rate, but increases
s 81 & -
@ <& sampling time
8 505 - ,z’ . +  lowest analyzer velocity without stalling ~ 2
n o000 00 o rev/min; used motor to rotate analyzer
80 - ~2 rev/min _ + reproducible small drift in background
3000 samples/min
79.5 LS X4 mode active
o =0.038° 360d 2 1mi
79 , , , . °8 « re.v X min =0.25deg/ sample
0:00:00 0:15:00 0:30:00 0:45:00 1:00:00 lrev — Tmin  3000sample
Time (min)

§;Oakton 07
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Sample Holder and Cells

main challenge was aligning
laser so that it illuminated the
small Si-diode

standard polarimeter tubes have
small windows making
alignment difficult, expensive

found glass tubes with wide
windows ($100 from Precision
Cells)

constructed sample holder that
kept tubes aligned, adjustments
made with lab jacks

28



Serial Dilutions of Carvone at High Concetration

2 -
T G T T T T T 1
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
o u=-3.27
0=0.16
_ 4 Ju=-1.92
s 0=0.24
c
S
g 6
e u=-6.33
s -8 - 0=0.22
k) < cannot compare absolute
[« X .
o 10 - measures of A since
™ wavelength dependent
12 « Red laser = 636 nm
4 | ¥=-46383x+ 00276 u=-1359 * Qs linearly correlated
I 0 =0.21 with concentration
-16 - + we found excellent

Concentration (g/mL . . . oy
(g/ml) linearity for serial dilutions

§;Oakton 29
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Serial Dilutions of Carvone at High Concetration

original concentration = 290 mg/mL

15%

10%

Our precision is limited by rotary motion sensor
We have found optical rotation standard deviation to
be £0.25° with our method

At lower concentrations we expect higher percent

errors reducing concentration by half increases

percent error by factor of 2.

S 5%
w Dilution Conc. Optical e Percent
:,‘: Factor (mg/mL) rotation, a =IEE Error
o (mg/mL)
nq: 0% T T
. 1 290 -13.9 +5 2%
5% 4 2 145 -6.8 +5 4%
4 72.5 -3.4 15 7%
-10% —
Dilution Factor 8 36.25 -1.7 +5 15%
W Oakton 30



Serial Dilutions of Sucrose at Low Concentration

original concentration = 100 mg/mL m—
» Autopol Il precision *0.002°

250.00% - : :
« Cannot measure optical rotations for
sucrose at concentrations below 6 mg/
150.00% -
mL
. « Cannot distinguish measurement from
50.00% noise below this threshold
S  threshold could be lowered by
w increasing pathlength
c
[+}}
o
8 Dilution Conc. Conc. | Percent
Factor (mg/mL) STDEV Error
1 100 5.6 5.6%
-1.00%
/ 4 25 15.6 22%
4 16
Dilution Factor 16 6.25 5.6 89%

B Autopollll = Vernier

§? Oakton 31
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Increasing Pathlength

-_—
o

-
w

—_
N

—_
-_—

Optical Rotation

—
O ~_~NWPHPhOOON®OO

Instrument-Concentration (mg/mL)

. A
B .
. » 5
~= \
N

RIS

s \\ WA

pathlength and optical rotation are directly
proportional

could add more sample tubes with a longer
track (2 m available)

32



7000

6000

5000

4000

3000

Illumination (lux)

2000

1000

0

A New Way to Reference the Sample

Sample and Refernce Signals

2500

2000

1500

1000

500

0
0 45 90 135 180 225 270 315 360 405 450 495 540 585 630 675 720 765 810 855 900 945 990 1035 1080
Total Angle (deg)

——Sample ——Reference

could we measure the distance from reference spike
to nearest sample peak

how to accurately pick tops of peaks?

sign of a derivative changes at peak; where is crosses
zero?

circluar disc was attached to rotating
anlayzer arm with a hole

laser widened with convex lens

second light detector connected behind
disc

\/
Y Oakton
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Using Excel as Spectroscopic Software

4| A | B c D | E [ F [ G (w11 K| L|Mm N| O | P QR s | T U Il O w | x ¥ Z | A AB | AC AD | AE | AF
1 Detection Limits: Reference Detection Limits: Sample Change the smooth width by changing these 17 in row S, columns J through Z.

, :::Is:: ‘I’: 100 ::‘"r:'s::f: 3000 8 7 6 5 4 3 2 -1 0 1 2 3 4 5 6 7 8

: mi:::l | 200 mfl‘:::l | 20 0 0 0 0 43 -2 10 1 2 3 40 0 0 0

Reference Signal Sample Signal Reference Peaks Sample Peaks
Features:
HHHHE i 12 25 * Determines first
R == W 1 Ll L e e T derivative of sample and
ume W m s o e e e e e reference signals
* Derivative smoothing
reduces noisy signal
* Amplitude and slope

33" 5939
EEU

Sample Signal and First Derivative

o00 - thresholds evaluated
w00 oo * when all criteria are met,

w00 o a peak is picked at
2o00 - downward heading
1000 00 derivative crossing zero

o -6000
0 0.2 0.4 0.6 08 1 1.2 14 16 1.8 2
Time (min)

~—=—Sample ~—1st Derivative

Y Oakton 34



We can then measure optical rotation over time without manually collecting and recording
numerous samples. We can then investigate kinetics of processes such as mutarotation.

HO HO
HO Q kg HO Q
Ho — o OH
-l

Mutarotation of (D)-Glucose at pH = 7.0
Measured with Autopol lll Polarimeter

OH OH E 2.00 1
OH | 1.00 -
a-D-glucopyranose (A) B-D-glucopyranose E 0.00 ,
[o] = +18.7° [a] = +112° L~ 400 1200.00
% 200
Integrated 1t Order Rate Law L8 300 -
.
= — i — -4.00 -
In[A]=—kt +1n[A], :
. L i -5.00 -
and since concentration is directly | C 0.0075x + 2.2983
proportional to optical rotation , -6.00 - y=- Xt e
- . ; -7.00 -
In(e, — ¢, ,)=—kt+In(e, —,,) | e

Time (s)

\V/( akton 35
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Roadblock

Sample and Refernce Signals

600 samples/min for 10 min at 2 rev/

S I N R N R E N R EA N s N EE N L R « consistent peak picking

6000 S A R (T A N I S A )

« Precision: o = 0.40°

B
-

SRR RERY RS R R R RS R S + Seems low, but leads to large
percent error if Aa ~ 1.5°
RO T R T IR I A AR R * cause due to low sampling rate which
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 H o
e gives 1.2 °/sample
s ——— « 3000 samples/min for 10 min at 2
b - rev/min = 0.25 °/sample
- - difficulty finding peak maximum

- * low precision; s = 1.29°
» our Excel file has difficulty handling
N ﬂ K o >30,000 rows of data

,, * our computer or the software?

Y Oakton 36



Thank You

Students:

Brian Sendlak
Mudassir Faraz Sharif
Jessica Macwan
Christian Chavero
Pooya Shams

Dima David

Tara Downes

Diana Pintilei

Philip Titean

lllinois Community College Faculty Association
Oakton Community College Foundation for Tuition Reimbursements
Kayshaun Barnes, Chemistry Stockroom Supervisor

¥ Oakton 37



