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Cuarter 8.

ATomrc Srze MATTERS

A COMIC BOOK—STYLE INTERPRETATION OF SOME OF THE PREVIOUS WORK, PRESENTED
HERE FOR A mORE GENERAL AUDIENCE,



CHEMTICAL PrESSURE AND ITS APPLICATTONS
TO THE | SAT—-TYPE QUASICRYSTAL
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Atomrc Srze MarTERS

Veronrca M. Rerns
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THE FIRST TIME,




TO SCIENCE, FOR THE INSPIRATION
AND TO MY FRIENDS AND FAMILY, FOR THE MOTIVATION



THERE ARE SOME THINGS THAT
SCIENTISTS KNOwW FOR SURE
ABOUT THE wORLD,

AND THERE ARE SOME THINGS WE

ARE PRETTY SURE ABOUT BECAUSE

OF A COMBINATION OF EVIDENCE
FROMm DATA AND, WELL,,

A HUNCH,

W

MEASURE DIRECTLY,
LIKE ACCELERATION
DUE TO GRAVITY

9.9 wmls

THINGS WE CAN ‘

OR THE GESTATION
PERTIOD OF A
PORCUPINE

& 213 &S

LIre GLOBAL WARMING,
orR THE [3r6 [BAwa,

We can never 8e 100 B

CERTAIN, BUT MOST SCIENTISTS
AGREE ON THOSE THINGS,

-

THE EFFECTS OF ATOMIC SIZE FALL INTO THE SECOND CATEGORY.




ATOMS CAN BE THOUGHT OF AS HARD
SPHERES, THEY ARENT, BUT YOU CAN .
THINK ABOUT THEmM THAT WAY EVERYTHINGYIS|BASICALLY
SOMETIMES, TO SIMPLIFY THINGS, A PTLE | OF F/ATOMS,
(o]
o WHETHER WE CALL THAT PILE
A SOLID, LIQUID, OR GAS
DEPENDS ON HOW CLOSE TOGETHER
THOSE ATOmMS ARE AND
HOW FAST THEY ARE MOVING,
¢ o ! i &
o Solid \icluid gas
THE FAST ONES FLY LIQuIDS ATOMS ARE AND THEN THERE S
APART FROM EACH OTHER. | CLOSER TOGETHER AND SOLIDS.
THESE ARE GASES, SLOSH ABOUT
IN THEIR CONTAINERS. @
O “©
Q
\\ W@"* SoLrbs HUDDLE
4 TOGETHER AND THE
ATOMS MOVE SLOw,

SO SLOW THAT WE OFTEN ROUND DOWN TO SAY THEY ARENT mOVING AT ALL,

52

\ ) \ 3 y ———
) SOLIDS{CANBE  NEAT, AND LORDERLY,
\ - - - -

@)

OR| MESSY AND  UNPREDICTABLE,J
N o

'I‘j"gs.sv;wu’s"rrs.Pg.’A'Et—:, BUTJIFLYOU
(WANT,(TO Y LEARN T ABOUT /AT CHEMICAL
COMPOUND,{ OF TEN | THE \ EASTEST/ WAY

= AL LB 4 TIGHTLY, LIKE ORANGES’IN A
T({ .Dc') IT\.I,‘S{TOWF A\;’“j’;‘k’ GROCERY STORE DISPLAY.
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CRYSTALSARE Oaa.mrzsb REPEATy THEMSELVES.
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& IN ONE %

THE UNIT CELL TS THE SMALLEST REGTION
THAT REPEATS ITSELF IN EVERY DIRECTION,

LIKE A DECORATIVE KITCHEN TILE, OR A PATTERNED SWATCH OF FABRIC,
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IF THE PATTERN IS ' SIMPLE,.
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ONE FACTOR THAT CONTRIBUTES TO HOW COMPLEX QUR ATOmMIC
PATTERN WILL BE IS THE SIZE OF THE ATOMmS, ATOMIC SI2E
TS GOVERNED BY AN ELEMENT 8 SPOT ON THE PERIODIC TABLE,

IT mMAKES INTUITIVE SENSE THAT WHEN YOU HAVE DIFFERENT SIZE
SPHERES PACKING TOGETHER THINGS WILL GET INTERESTING,

CONSIDER MIXING TANGERINES
WITH YOUR ORANGES,

SIzEe AND STRUCTURE HAVE

A STRONG RELATIONSHIP,
IN CITRUS AND IN SCIENCE, *



METALS NATURALLY PACK
TOGETHER VERY SIMPLY.
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SOME METALS WE CAN mIX TOGETHER
WITHOUT ADDING ANY COMPLEXITY,

(-0~

Cach of Hhese atoms
has &golso rawe of
b,\g nickel o¢ pa\\dww\

WE CAN GET SOME REALLY
SIMPLE PATTERNS LIKE IN AuCus.

Cadmivm~y ¢ Calcivem
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«OR WE CAN FIND REALLY
comPLEX ARRANGEMENTS LIKE CACDy,

-

THE CATCH IS THAT WE REALLY DON'T UNDERSTAND
HOW TO CONTROL WHICH ONE WE GET.

I NTUITION, TELLS US THAT ATOMIC|SIZE MUST BE IMPORTANT SOMEHOW,
BUT IT S REALLY HARD TO DE&IGN AN EXPERTMENT TO DETERMINE
THE INFLUENCE THAT ST2E HAS ON STRUCTURE.




S0 SOMETIMES YOU HAVE TO
THINK OUTSIDE THE BOX,

il

WE KNOW OF A FEwW THINGS
IMPORTANT FOR CONTROLLING
ARRANGEMENTS OF ATOMmS,

AND WE'VE CHOSEN TO DEVELOP

A WAY TO REALLY UNDERSTAND
JUST ONE OF THEM'

Srze,




EVERYTHING SEEKS THE LOWEST POSSIBLE ENERGY,

FOrR PEOPLE, WE KNOW THIS BECAUSE TAKING A NAP FEELS SO GOOD.
FOrR BONDS, WE KNOW THIS BECAUSE WE
CAN CALCULATE A BONDING POTENTTAL,

LET,S SAY THAT WE HAVE TwO HYDROGEN ATOMS,
JUST THE TwWO HYDROGEN ATOMS, AND NOTHING ELSE NEARBY,

THE BONDING POTENTIAL TELLS YOU HOW MUCH THE HYDROGENS
BENEFIT FROMm BEING NEAR ONE ANOTHER. FROM CHEMICALLY BONDING,

1




WE CAN REPRESENT THIS POTENTIAL AS A GRAPH OF
ENERGY VERSUS THE DISTANCE BETWEEN THE ATOMS,
AND EVERYTHING SEEKS THE LOWEST ENERGY POSSIGLE.

ENERGY 3%

o
© W-W DISTANCE @€

THIS GRAPH IS BEST UNDERSTOOD IN THREE PARTS.

Too crose,

WHAT OTHER HYDROGEN?

L

Too FAR AWAY AND THE ATOMS
DON T NOTICE ONE ANOTHER

THe NUCLET START TO FEEL EACH
OTHER S POSITIVE CHARGE TOO
MUCH, AND ENERGY SKY ROCKETS,

GOLDILOCK&.

L

IN A RANGE OF BONDING DISTANCES, THE ENERGY
PLUMMETS AS THE ATOMS FAVORABLY BOND,




m
IN SMALL MOLECULES WITH NOTHING NEARBY
WE CAN PREDICT, BOND DISTANCES LIKE
NOBODY S8 BUSINESS.,.,
EVEN BEFORE DOING ANY MEASUREMENTS,

EnEreyy

DISTANCE

For mOLeCuLES LIKE
OUR HYDROGENS,

' THIS GRAPH IS GODLY, ' { {

BUT WHAT ABOUT OUR
ATOMIC ORANGE PILE? THIS MIGHT BE EASIER TO SEE
: IN,A FLAT- SHEET-OF ATOMS,

THINGS ARE BOUND TO

GET "COMPLICATED HERE.
CHANGE ONE DISTANCE ma OF /ATOMS
HAVE TO CHANGE TOO,

T2E Y STRETCHINGYINFINITELY
DIRECTION,




Put TN TERMS OF
A TWO ATOm
POTENTTIAL FOR

THE SMmALL ATOm

AND ONE OF ITS

BIG.G.;R NEIGHBORS,

WE D BE HERE;

WHAT DO vOu
HYPOTHESIZE wILL
HAPPEN?

¢

LET'S THINK
ABOUT IT.

Wa.;., POOP.
THAT s NOT
OPTIMAL,

IN THE OPPOSITE CORNER, [BLUE'S
IN ONE CORNER, THE BOND FORMATTION NEED TO KEEP ITS DISTANCE
BETWEEN >)E|.|.Ow AND [3LUE... FROM OTHER BIG ATOMS,

LIKE ALL GOOD FIGHTS, THIS ONE ENDS IN SOME KIND OF COMPROMISE,

=

2)




* In our COMPROMI SE,
C]

LUE AND YELLOW WON’ T GET TO
BE AS CLOSE AS THEY D LIKE.,...

\//
I\

{
r
; wBUT BLUE AND BLue wow'T

GET AS MUCH ELBOW ROOM

AS THEY WANT EITHER.

WHAT DOES THIS COMPORMISE MEAN ON OUR ENERGY—DISTANCE GRAPHS?

AT THE BLACK LINE, AFTER WE MOVE EVERYONE INWARDS A LITTLE
NEITHER CURVE IS AT ITS LOWEST POINT, [3OTH INTERACTIONS ARENT
OPTIMAL, BUT THIS IS THE BEST CASE SCENARTO, ENERGETICALLY SPEAKING,

W Shvkad \aove
No»l weve Weve J

ENERGY

DISTANCE

BEING HELD AT A NON—OPTIMAL ENERGY CREATES STRAIN,
LET'S TAKE A CLOSER LOOK AT WHAT IT
MEANS TO BE STRAINED IN OUR EXAMPLE.

For THE YELLOW-[RLUE For THE [RBLue—[RLUE INTERACTIONS
INTERACTIONS, THE ENERGY COULD BE LOWERVIF

THE ENERGY COULD DECREASE IF RACT
WE SHORTENED THE BOND LENGTH,

\1(('«""'
> 4
)\

N

/
THE STRAIN IS ACTING LIKE \
A VACUUM: w3 ST#;{\\IEP%} 'QCGTrua. LTKE]

SUCKING THE TwO ATOMS TOGETHER. PUSHING THE TwO ATOMS APART.




THE QUICK—AND—DIRTY WAY TO TELL IF WE VE GOT
A VACUUM 0O A SPRING IS TO LOOK AT THE SLOPE OF THE LINE,

O S

I THE LINE TILTS THIS WAY, Ir THE LINE TILTS THIS wWAY
WE D NEED TO SHORTEN THE BOND. WE D NEED TO LENGTHEN IT.

THE SLOPE OF THE LINE TANGENT TO THE CURVE TELLS US THE SIGN
OF THE STRAIN AND THE DEGREE OF TILT TELLS US HOw STRONG IT IS,

WE'VE DECIDED TO CALL THE STRAIN
CHEMICAL PRESSURE,

AND WE DRAW IT LIKE THIS,

NEGATIVE PRESSURE — THE QvACUUM _ TS]BLUACK,
LIKE A BLACK HOLE, SUCKINGYINJALCYITSYSURROUNDINGS!

POSITIVE PRESSURE — THEJSPRING — ISJWHITE,
LIKE A WHITE HOT STAR, RADIATINGYITSILTGHTIOUTWARDS!



NOw JwWHEN s WE [LOOKYAT "THE JmARJOF “WHERE KTHE ATOMS
WE ' RE GETTING MORE INFORMATION;

e " )
a

"

WHERE | THEY ,WOULD | PREFERTO) BE.

YES, YES WE CAN,



SO mMUCH TS POSSIBLE WITH COMPUTERS.

THEY LET YOU WATCH CAT VIDEOS, LISTEN TO PODCASTS,
AND FIGHT BATTLES WITH LASERS IN OUTER SPACE, df

COMPUTERS LET US CALCULATE THE ENERGY
OF A REAL CHEMICAL SYSTEM,

THLS GIVES US THE DATA FOR OUR
ALL—TIMPORTANT ENERGY—DISTANCE DIAGRAM,,,

EnEreny

DISTANCE

Bur HERE,S THE BAD NEWS, THEY DO IT ONE POINT AT A TIME.




EACH POINT NEEDS

BETWEEN A FEW HOURS
AND A FEw DAYS FOR THE
CALCULATION TO FINISH

T DON'T HAVe
HAT KIND OF TIme

[ 4
I'd

ALL THERE IS TO DO IS CALCULATE THE ENERGY AT TwO POINTS
ONE ON EITHER SIDE OF THE ONE WE CARE ABOUT
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PRACTICALLY SPEAKING, THIS MEANS WE ARE GOING TO MAKE A

o 0Pt mm oem™

SmaLL VERSTON OF THE UNIT CELL THAT ARTIFICTIALLY SHORTENS

EVERYTHING TO GET THE ENERGY AT POINT [, AND THEN A Bra Versrow
THAT LENGTHENS EVERYTHING TO GET THE ENERGY AT POINT H#2,

NOTE: THE SmALL VERSION AND THE Bre VERSION DON'T ACTUALLY EXTST
E CAN ONLY MAKE THEm BECAUSE WE ARE INSIDE A COMPUTER.

wBUT REMEMBER,
WE DON T NEED
THE WHOLE CURVE

\jr




ONCE WE HAVE THE ENERGIES FOR BTG VERSION AND SmaLL VErsTonw,
ALL WE NEED TO DO IS DRAW A LINE AND DETERMINE
IF OUR LEFTOVER TENSION IS A VACUUM OR A SPRING,

UP UNTIL THIS POINT, THE 3-D seems A LOT LIKE Our 2-D exampLE,
Here's THE DIFFERENCE:

P @

In 3-D, WwE ANTICIPATE THAT

In 2-D, IT wAS ENOUGH TO LOOK EVERY INTERACTION WILL
AT ONE ATOm PAIR AT A TIMmE, INFLUENCE ALL OF THE OTHERS,
IN EVERY DIRECTION, &

In 3-D, we NEED TO mMAKE AN ENERGY — DISTANCE DIAGRAM FOR EVERY
POINT IN THE STRUCTURE IN THE Bre VeErRSTON AND THE SmaLL Versrow,
BECAUSE WE CAN'T MOVE JTUST ONE ATOm., NOw FOR THE GOOD NEWS:

———

THE COMPUTER GIVES US AN ENERGY FOR EVERY
POINT IN THE STRUCTURE AT THE SAME TIME,
THANKS, COMPUTER!
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WE CAN DRAW THAT LINE BETWEEN [3TG VERSION ENERGY AND
SmaLL VERSTON ENERGY FOR EVERY ONE OF THESE POINTS STMULTANEOUSLY.



AND WE END UP WITH AN ARRAY OF VACUUMS
AND SPRINGS OF VARYING INTENSITIES,

+ 5 GPa/A3
(A STRONG POSITIVE PRESSURE)

BUT THIS FUST GIVES US A MAP OF WHERE PRESSURE IS HIGH AND LOw,
How CAN WE TURN THIS INTO A PICTURE THAT EMPHASIZES
HOW THE ATOMS MIGHT REACT TO THE PRESSURE?

TO UNDERSTAND ALLYOFATHE PRESSURES

THE ANSWER REQUIRES
SOME FANCY SCISSORS.

WE Sum uP THE PRESSURE JATJALL
OF THE POINTS INFSPACE]INEARBY.

IT TURNS OUT THAT THE WAY WE CUT THE MAP INTO
SEPARATE ATOMS HAS TO BE PRETTY INVOLVED,

- &

BUT SIMPLY PUT, WE TAKE ALL OF THE POINTS WITHIN THE ATOM'S REACH,
TURN IT INTO AN INTERPRETABLE 3-D OBYECT THAT CORRESPONDS TO
THE SIGN AND INTENSITY OF THE PRESSURES IN ALL DIRECTIONS,




LeT’s TAKE A qurck 2-D EXAMPLE TO SEE THE CONCEPT:

THAT MAP WOULD SUm UP TO

THLS MAP HAS POSITIVE

PRESSURES ABOVE AND BELOW THIS OBTYECT — A CLOVER THAT

THE ATOm AT THE CENTER, ALTERNATES BLACK AND WHITE
PETALS,

BUT OFF TO THE LEFT AND RIGHT,
WE SEE DARK REGIONS,

Yo

N

THIS CLOVER SHAPE IS INTERPRETEDNAS) THE ATOmM BEING SQUISHED

VERTICALLY, BUT IT WOULD LIKE TO STRETCHNIN THE HORTZONTAL DIRECTION,
wOULD HAVE INFORMATION

I
ABOUT PRESSURE ABOVE AND BELOW THE®SURFACE OF THIS PAGE TOO,

Y _e®
EQO

I’ T,S A PRETTY POWERFUL TOOL,
WE'VE BEEN ABLE TO USE IT TO
EXPLAIN THE FORMATION OF MmANY
COMPLEX ATOMIC ARRANGEMENTS, .

DISTANCE

UP UNTIL THIS POINT, weE'VE
LOOKED AT THE INNER WORKINGS
oF CHEMmICAL PRrESSURE,

A TOOL THAT WE CAN USE TO
UNDERSTAND HOW THE SIZE OF ,
AN ATOM CAN INFLUENCE I TuINk wE'RE READY TO SEE

A 3_D CRYSTAL STRUCTURE., WHAT THIS PUPPY CAN DO,




WHO DOESN'T LOVE

project A GOOD PATTERN?
ﬂmﬁ N

e ~
~N
%

NOT A FASHION STATEMENT,
I mMEANT A SERTES OF OBSERVATIONS
THAT WE THINK IS MORE THAN A COINCIDENCE,

IN THIS CASE, WE FOUND A PATTERN IN WHICH
DIFFERENT COMPOUNDS TAKE ON ONE PARTICULAR STRUCTURE.

é_. LOTS OF INTERMETALLICS
MAKE THIS STRUCTURE TYPE.
IT'S ALL THE RAGE THIS SPRING.

ﬁ_
— o —
e RS p——

We car 11 "Tue CaCus TYPE”, WHICH DOESN'T MEAN THAT IT ABSOLUTELY
HAS TO CONTAIN CALCIUM OR COPPER, IT JUST MEANS THAT THE FIRST TImE
WE SAW THIS STRUCTURE, THAT S WHAT WE HAPPENED TO BE LOOKING AT,
Tue essence oF THE CACus TYPE IS THE SPECIFIC ATOMIC POSITIONING,

Turs STRUCTURE IS MADE UP OF TwWO FLAT LAYERS, AND THEY ALTERNATE;

-—u-—-n.—n--

e U s U N
\ lTHE FIRST LAYER, IS CALLED' T'us) NEXT\I.AYER Is AD’M/O»:EvcoMs?lr

/\ IKAGOME/ (nET. /\ D I. u@ OFl “Cu' \) AT;)MQ l C
ANV AN ANY AN N \. Ao NN
Y \‘f o "ol ool

.0—-0{-0—-000-4{-}0—-0{- P\ A /‘\./.\./

/ \/ /  \J/ ®
$ & @ ! | @ | @] @ | ¢

Y X X YleTeleoTe
X R R A
L @] HIS) rs;ruc—: yCU@ATOM @] |7 N\ EACH HEXAGON HOLE/IN THER
\ / OR WHICHEVER ELEMENT\ ~ HONEYCOMB TAYVER, TSTOO- SpALL
THERE ARE FIVE OF. @ FOR A BUMBLEBEE, BUT A "CA” ATOM

./ \I I/ \ /\ /\ s 9""""&25""1“;‘"}.
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KaGomE,

KAGOME‘

KaGome,

HONEYCOMB, .,
UNTIL,, INFINITY,

AND THE LAYERS STACK
TOGETHER, ALTERNATING
STUFFED HONEYCOMB,

STUFFED HONEYCOMmB,

STUFFED HONEYCOMB,

IrF we LOOK AT THIS FROM
CA's PERSPECTIVE,
WHAT wWOULD WE SEEY

THAT ATOM GETS A NICE
LITTLE BASKET TO SIT IN;
HEXAGON ABOVE, HEXAGON
BELOwW, AND A NICE
HUG FROM A HEXAGON
AROUND THE CENTER TOO,

So wmlxr's ALL THIS
LeT's check ouT

TALK ABOUT A PATTERN?
THE PERIODIC TABLE!

7| 2 |
H He
3 4 5 6 7 14 q o
Lr|RBe BICIN|O|F |Ne
" 12 3 " 5 3 7 11
Na| Mg Al Sz P| S|C|Ar
9 20 2 22 23 24 25 26 3 32 33 34 35 36
K|Ca|Sc|Tz| V |Ca|MN|FE Ga|Ge|As| Se | Br | K
37 38 39 40 4 42 43 44 4q 50 51 52 53 54
Ra| Se| ¥ | Zr|Ns|Mo|Tc|Ru In|Sw|Se|Te| I |Xe
55 56 72 73 74 75 76 8 82 83 84 85 86
Cs|Ba| * |Hr|Ta|W |Re|Os To|Ps|Bxr|Po|AT|Rn
87 88 104 105 106 107 lo% n2 ns " ns e m s
Fr|Ra|**|Rr|Ds|Sa|Bx|Hs Cw [Uut| Fu [Uue| Lv |UusUuo

57 58 59 60 6l 62 63 &4 65 66 &7 €8 69 70 T“

* | LA|Ce|Pr|ND|Pm|Sm|Eu|Gp|Te|Dy|Ho|Er|Tm| Ya| Lu

%9 0 al 92 a3 L] a5 £3 7 a8 " 100 lol 102 103

** | Ac|Tu|Pa| U |Np|Pu|Am|Cu|Br | Cr| Es|Fm|Mb|No| La

Ir we xeep
BLUE METALS

THE CALCIUM ATOM A CALCIUm ATOM, THEN ALL OF THESE
STANDING IN FOR Cu” woud erve us Tee CaCus Tvpe.

For exampe, CANTs mAKES THIS STRUCTURE, BUuT CAAGs DOESN'T,

WHAT DOES THIS mEeAN/

T\

AN

WERE SEEING THE
VERSATILITY OF
THIS STRUCTURE TYPE,

THERE'S SOMETHING ABOUT ALL FIVE OF THESE
METALS THAT JUST WORKS WHEN WE COMBINE

e

THEM WITH CALCTUm IN A 5! paTTO.

A

Cuv

COUuLD THAT SOMETHING BE..SITZE?



LET'S LOOK AT WHAT A CHEmMICAL
pressure PLoT oF CaPp s HAS TO sav,

THE LARGE BLACK PEANUT SHAPE IN THE CENTER

THE PRESSURES BETWEEN
CA AND THE HONEYCOMS
NET ARE POSITIVE,
INDICATED BY THE
WHITE DOUGHNUT SHAPE
IN THE MIDDLE,

WE CAN TELL THIS
POSITIVE PRESSURE TS
NOT AS STRONG AS THE

NEGATIVE PRESSURE;
THE STZE OF THE LOBE
TS PROPORTIONAL TO THE

mAGNITUDE OF CP.

IMPLIES THE CALCIUM IS EXPERIENCING NEGATIVE CALCTUM EXPERIENCES

PRESSURES, AND IT WANTS TO BE CLOSER TO THE
ATOMS IN THE KAGOME NETS ABOVE AND BELOW,

AN OVeraALL NEGATIVE CP.

N
byt

\..

=0 /9
P

WITH A BLACK HOLE AT THE CENTER OF
THE BASKET, WHY DOESN'T IT ImPLODE?

TAKE A CLOSE LOOK ABOVE,
THE NEGATIVE PRESSURE

AT THE CENTER IS

COUNTERED BY A POSITIVE
PRESSURE BETWEEN THE

PALLADIUM ATOMmS OF
DIFFERENT LAYERS,

ALREADY TOO CLOSE,

THE PALLADIUM KAGOME RINGS

CAN'T EVEN CONTRACT AROUND

THE CALCIUM BECAUSE THOSE
Ppo—PD CONTACTS ARE

WEe've GOT ANOTHER FIGHT,
BuT THAT'S NOT A BAD THING.

WE KNOW THAT THIS COMPOUND
ACTUALLY EXISTS IN THE REAL
WORLD, AND EVERYTHING WwILL
INHERENTLY HAVE A LITTLE RIT

OF STRAIN IN IT,

THIS STRAIN IS OnNLY
MEANINGFUL WHEN WE COMPARE

IT TO THE STRAIN

IN SIMILAR COMPOUNDS,

(THIS TS WHERE IT
GETS REALLY FUN,)



KNOWING, THAT THE CALCIUM ATOmM
IS A LITTLE TOO SmALL FOR
ITS PALLADIUM BASKET,

WHATTDO YOU /THINK , wOULD

HAPPEN IF)WEPUTJLARGER ATOMS
I PLACE‘OFIPALLADIUM?

BUT WHAT EFFECT WILL THAT HAVE
ON CALCIUM, WHICH OBVIOUSLY
STAYS ITS SAmME SI2E7

T HTS[GET S} TRICKY,] BUT ] JUST4LIKE
AYSTACK or’ 1.5¢ oimaesfrs] BIGGER
(THANTAT'sTACK | OF . B fTANGERTNES,
TFAWE FUSE | LARGER) ATOMS,” THE | CAGE
WILL BE|BIGGER,}MAKING 'FOR A|
BIGGER HOLE FOR CALCIUM TO SIT IN,

DIDNT WE SAY WE WANTED
A SMALLER woLe FOR Our
TINY CALCIUM ATOM TO SIT IN?

23—
@@
st

>
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THIS BIGGER CAGE IDEA IS
GOING TO RUIN EVERYTHING.

WE ALREADY KNOW THE ATOMS
MAKING UP THE CAGE ARE SQUEEZING
TOGETHER AS TIGHTLY AS POSSIBLE,

IF wWE MAKE THOSE ATOMS BIGGER,
WE PREDICT THAT THEYLL BE
EVEN mMORE STRESSED OUT.

THEREFORE THE AMOUNT OF EMPTY
SPACE BETWEEN SOMETHING LIKE A
COUPLE OF BEACH BALLS TS MUCH
BIGGER THAN THE EMPTY SPACES

BETWEEN OuUuR DEAR CITRUS FRUITS.

Bur warr!

WELL, YES, A SMALLER ATOMm WOULD
mAKE THES ONE SITUATION BETTER.
BuT WE'RE INTERESTED IN TAKING
OUR UNDERSTANDING EVEN FURTHER.

/*

y,

o

AND SOME THINGS HAVE
TO BREAK BEFORE WE CAN
TOTALLY UNDERSTAND THEM,




Ok LET'S DO THIS, LET'S GET TO THE REAL DATA!
Here we compare THE FAmILTAR CAPDs wITH
» n n

HYPOTHETICAL cOmpOUNDs CAAGs anD "CaCps'.

JUST LIKE WE HAD GUESSED,
THE BIGGER THE TRANSITION METAL,
THE MORE INTENSE THE NEGATIVE
PRESSURE IS INSIDE THAT BASKET.

In THe uvpoTHeTICAL "CACDs',
CALCTIUM IS EXPERTENCING
QUITE THE VACUUM!

No wonper "CaCbs" nas

NEVER BEEN MADE,
WELLY THATJ CHEMICALY PRESSURE

ESCALATED Jaurckivy

= - hye!
L DL =
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QUASTCRYSTALS ARE THE

THEY'RE ROTATIONALLY SYMMETRIC,
BUT NOT TRANSLATTONALLY SYMMETRIC,

THEY CAN BE PERTODIC

IN ONE DIRECTION,

BUT NOT PERIODIC
IN EVERY DIRECTION,

THEY DIFFRACT,

BUT YOU HAVE TO USE
MORE THAN 3 DIMENSIONS TO
SOLVE THEIR STRUCTURES.

R\ N R ANV IR AN
RS
& ’/"a"':/"‘"v \‘ottto‘

49 )
AN ¢
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QUASICRYSTALS BREAK
ALL THE RULES, AND THEY

DoN'T GIVE A H@EE.



STUFF THAT BREAKS RULES TS OFTEN THE MOST INTERESTING STUFF TO
STUDY, BECAUSE IT LETS YOU REVISE WHAT YOU THOUGHT
WAS TRUE AND GET AT wﬂf ‘s REALLY GOING ON,
\

REMEMBER, WE STILL DON;T EVEN UNDERSTAND WHY
COMPLICATED STRUCTURES HAPPEN INSTEAD OF SIMPLER OPTIONS,

WE WANT SOME RULES.

BuT we'RE ONLY GOING TO GET THEm IF WE TAKE A
CLOSER LOOK AT THE REBELS, THE RULEBREAKERS,
THE WEIRD STUFF ON THE FRINGES OF OUR CURRENT UNDERSTANDING,

WHAT DO WE KNOW SO FAR ABOUT QUASICRYSTALS/

QUASTICRYSTALS HAVE ROTATIONAL m
SYMMETRTES THAT ARE g%
INCOMPATIBLE WITH TRANSLATION,

Wy Jcan'Tdwe YHAVE
5Z2roiDY PATTERNS?

~y - f \J 4
Untke m—:mc'.ONs‘fqaw&at-:s,.Aug\4 WE'VE FOUND QUASICRYSTALS
TRIANGLES ¥ youY CAN 'TYCOmPLETELY THAT wave 5-, 7-, 8-,
r'covEg A’PLANE WITH| ONLY {REGULAR 10—, even 12—FoLD sSYMMETRIES.
PENTAGONS {OR® OCTAGONS!
ot v
A @,
\
et
WETIRD | SHAPES [OF | EMPTY SPACE. THEY DON'T HAVE UNIT CELLS, BUT

GrAB TSOME fTANGRAMS YAND TRY IT. THEY 've STILL GOT SYMMETRY,




I'VE SAID IT BEFORE, BUT IT IS WORTH (AHEM) REPEATING..

A :

CRrYSTALSTARE o:mmrzeb‘ REPEATy THEMSELVES,

e »
’ i@ EVERY . DTRECTION, ,
S y PrEDICTABLY)

IF QUASICRYSTALS DON'T REPEAT IN EVERY DIRECTION,
ARE THEY REALLY CRYSTALS?

THIS IS|PROBABLY A QUESTION\FOR A PHILOSOPHER,
BUT ASYAYSCIENTIST, I'm JUST EXCITED THAT
WE GET TO RECONSIDER OUR Dsqrn\rrrou!
| =~
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G F-0rTNOW) QUASTCRYSTALSY AREYASID)
O ComPLex) AS [TTRGET S BUTATHERE)
0 ARE (PERTODIC STRUCTURES JTHAT D
RECREATE ETHE | LOCALWARRANGERMENT S)

) W
(SOEWHILE ) CALCTUM \qu )L CADMIUM,
LREALLY (DO” FORM (THE QUASTCRYSTAL
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2 BUT_ REST_ ASSURED, \Gg@srgga.
@BLvery fsTmriarlzs) y:PfENING'O
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WHEN wE LOOKED AT THE HYPOTHETICA. CACDS COMPOUND,
WE NOTICED THAT THERE WAS A VACUUmM IN THE CENTER,

\ 4
CALCIUM WANTS CADMIUM\
TO BE CLOSER, SO WE
SEE LARGE, BLACK \:o\sis’t
POINTING BETWEEN THEM,

THIS FORCE Is
OPPOSED BY
CADMIUM—CADMIUM
REPULSION,,,
THOSE LOBES ARE
WHITE, MEANING THE
ATOMS ARE ALREADY
TOO CLOSE TOGETHER.

WE'VE IDENTIFTED OUR FIGHT:
CALCIUMYLONGS FOR THE SWEET CARESS OF NEARBY CADMIUM,
BUTe THE CADMIUMS WANT TO AVOID EACH OTHER.

S
~

ONE POSSIBLE WAY TO CALm EVERYBODY DOWN IS TO KNOCK(OUT A CADMIUM,




INSTEAD OF HAVING SIX TOO—-8IG
CADMIUMS CROWDED AROUND
CALCIUM, WHAT IF WE ONLY HAD
FIVE CADMIUM ATOMS THERE(

‘ .T°Pv;€w
ION N
® o

THIS IS ACTUALLY WHAT HAPPENS,
Eacu carctum ™~ CaCD6 s

SURROUNDED BY PENTAGONS INSTEAD
OF HEXAGONS OF CADMIUM,

AND TUST LIKE TIGHTENING
A TOO—-LOOSE BELT,

THE PENTAGON OF CADMIUM IS
BETTER ABLE TO SQUEEZE CALCIUM,
RESULTING, IN MORE mILD
PRESSURES ON THE CALCIUM ATOMm,

CADMIUM IS PRETTY HAPPY WITH THIS ARRANGEMENT TOO;
THERE S ‘F'EwEk NEIGHBORS TO BUMP INTO,
Here's wHAT THE CP LOOKS LIKE:

Now IT's SMOOTH SATLING, RTGHT? THE CP Is BETTER,
CALCIUM HAS A PENTAGONAL BELT,
AND CADMIUM MOSTLY STOPPED HITTING ITSELF,




WE'VE GOT A PROBLEM WITH PERTODICITY.
THE VERY THING THAT PLEASES OUR COMPOUND
UPSETS THE PERTODICITY OF OUR STRUCTURE!

ll \

‘,/ \\._,‘

D@ AN
s B
BEe A4

INSTEAD OF THOSE INFINITE HEXAGONAL NETS,
OUR NEW COMPOUND DEMANDS INFINITE PENTAGONAL NETS,

AND WE KNOW THAT YOU CAN'T BuT WE NEVER SAID ANYTHING
HAVE 2-D PENTAGONAL TILES, ABOUT 3-D PENTAGONAL TILES.
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In CaCpg WE'LL BEGIN WITH A DODECAHEDRON;
A SHAPE wITH |2 PENTAGONAL FACES,
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THrs s Our T SAT—-TYPE CLUSTER.

A DODECAHEDRON INSIDE OF AN ICOSAHEDRON INSIDE OF
AN TCOSIDODECAHEDRON INSIDE OF A TRUNCATED ICOSAHEDRON
(WITH A TINY TETRAHEDRON IN THE CENTER, TO FILL THE EMPTY SPACE).
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WE ,CAN“STACK* INEINITE Our CLUSTER ENDS HERE.
LAYERS ¥ 055{ THE ‘S:AG}/\S \TYPE,
& S ISR 2 &
@« w o 0N,
=P

Tove o .’/8&3@‘“@ Ve
2 AR TR NN
P o—d QA
¢ e e

[ AT
1
NS 2y
‘s.ﬁ—b-(k —- di-g/'
.\.__Q_./

To make CACbg, WE PACK THESE CLUSTERS TOGETHER PERTODICALLY,

BuT NOW THAT WE UNDERSTAND THE PIECES OF THE PUZZLE,
AND WHY THEY ARE DOING WHAT THEY ARE DOING,
AND THAT CALCIUM REALLY NEEDS THOSE PENTAGONS,
YOU CAN IMAGINE AN INFINITE ARRAY OF LITTLE FIVE—FOLD BLOCKS,
YOU CAN IMAGINE THEM MAKING FIVE—FOLD
PATTERNS THAT NEVER REPEAT THEMSELVES,

YOU CAN IMAGINE A QUASICRYSTAL,
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THE RELATTONSHIP OF THE STMPLE
CaCus TYPE TO THE COMPLEX
T SAT—TYPE QUASICRYSTAL IS TUST ONE
EXAMPLE OF A STRUCTURAL REMIX,

Just vIke A DT curs uvp oud

SONGS TO MAKE NEwW ONES,

WE CUT UP A SIMPLE STRUCTURE AND
MADE A MORE COMPLICATED ONE,

BUT WHEN YOU CHANGE THE SIZES OF THE ATOMS INVOLVED, YOU STRESS
OUT THE MATERTAL, AND YOU MIGHT GET SOMETHING TOTALLY NEW,

et ——

BuT OFTEN TIMES, THERE
IS A CONNECTION BETWEEN THE
SIMPLE AND THE COMPLEX,

THIS HAPPENS FOR A LOT OF COMPOUNDS,
WE'VE ONLY SCRATCHED THE SURFACE.

BY UNDERSTANDING THESE
CONNECTIONS, WE HAVE BETTER
FOOTING TO MANIPULATE A
COMPOI.’IND AND CREATE SOMETHING
WE VE NEVER SEEN BEFORE,

Ca anp Pp rForm THe CaCus TYPE,
CAN YOU IMAGINE ADDING
A LITTLE PALLADIUM
TO OUR CALCIUM AND CADMIUM?

+‘+.

WE MIGHT GET A NEw COmMPOUND!
AND IT MIGHT BE A
WHOLE NEW STRUCTURAL REMIX!




Now THAT we've THOUGHT A LOT ABO’IT THIS TINY
PIECE OF THE UNIVERSE WE LIVE IN, ITS TImME TO TEST
OUT OUR THEORTES BY TRYING TO MAKE NEW THINGS,

O

o

ot

THERE ARE SO t')ANY COMPOUNDS THAT MIGHT EXIST,
AND WE WONT KNOW UNTIL WE MAKE THEM,

IsN'T IT wONDERFUL?

v

THERE'S SO MUCH TO DO.

L»

SoLTD STRUCTURES ARE
FuLL OF POSSIBILITIES.

.




IT's A BEAUTIFUL wORLD
OUT THERE, mMmY FRIENDS,

LET’S GO EXPLORING,




ABRIDGED AND
ANNOTATED BIBLIOGRAPHY

THESE ARE CERTAINLY NOT THE ONLY MATERTALS REFERENCED THROUGHOUT
MY WORK ON THIS PROTECT, BUT THEY ARE PERHAPS THE mOST RELEVANT TO
SOMEONE WANTING TO LEARN MORE ABOUT THE SCIENCE BEHIND THIS COmMIC,

T'VE WRITTEN A SHORT SUMMARY OF EACH, SO YOU KNOW
WHAT YOURE GETTING INTO BEFORE YOU GET INTO IT.

THE NUmMBER OF PAPERS DEVELOPING THE CP METHOD SHOULD TELL YOU THAT
SCIENCE TSN'T STRATGHTFORWARD. WE'VE HAD TO GO THROUGH A LOT OF
POTENTTAL METHODS BEFORE SETTLING ON THE CURRENT ONE, | HLS DOESN'T
MEAN PREVIOUS ITERATIONS ARE WRONG OR BAD, WE RE TUST TRYING TO
FIGURE OUT THE BEST WAY TO MEASURE SOMETHING THAT HAS NEVER BEEN
MEASURED BEFORE. SO CHANCES ARE GOOD WE'LL END UP MODIFYING
THE CURRENT METHOD TOO, THAT'S JUST HOwW IT GOES.

Sanps, DonaD E. INTRODUCTION TO CRrYSTALLOGRAPHY, DOVER PuUBLICATIONS:
Mrneoa NY, 1975,

THIS WAS THE FIRST BOOK I EVER READ ABOUT CRYSTALLOGRAPHY. I DON'T
EXPLICITLY TALK MUCH ABOUT THIS TECHNIQUE IN THE PAGES OF THIS
COMIC, BUT IF THE STRUCTURES OF MATERTALS CAUGHT YOUR ATTENTION,
THIS TS A GREAT LITTLE BOOK, CRYSTALLOGRAPHY IS HOW WE KNOW WHAT
MATERTALS LOOK LIKE ON AN ATOMIC SCALE, SOmeONE (NOT mel) DIscovered
EVERY ONE OF THE STRUCTURES IN THIS COMIC WITH A CRYSTALLOGRAPHY
EXPERTMENT, X—RAYS GO IN TO A CRYSTAL, BOUNCE AROUND A LITTLE, AND
THEN DIFFRACT OUTWARDS IN INTERPRETABLE PATTERNS, IT'S THESE PATTERNS
THAT GIVE US VERY PRECISE PLACEMENT OF THE ATOMS IN THE CRYSTAL.

HorFmann, RoALD, SorrDs anp Surraces: A CHemrst's Vrew oF [BonprIne
1~ ExTenped StrucTures. Wriey-VCH: New York, /988,

IDEAS BEHIND CHEMICAL BONDING ARE ALL BASED ON WHERE ELECTRONS ARE,
AND HOW MUCH ENERGY THEY HAVE, MANY CHEMISTS HAVE A GOOD HANDLE ON
“CHEMICAL BONDS” IN mOLECULES, BUT IN 3-D SOLIDS, THERE ARE A LOT OF
ELECTRONS FLYING AROUND, | HIS BOOK OFFERS A BEAUTIFUL EXPLANATION OF
THE TECHNIQUES BEHIND THINKING ABOUT ELECTRONS IN SOLID MATERTALS,
ADDITIONALLY, PROFESSOR HOFFMANN IS VERY TALENTED® WHEN IT COmES TO
COMMUNICATING TECHNICAL MATERTAL, AND THIS BOOK IS NO EXCEPTION,
EVERY CHAPTER FEELS LIKE GOING ON A SPLENDID LITTLE ADVENTURE

WITH A VERY KNOWLEDGEABLE¥* FRIEND,

*SEVERE UNDERSTATEMENTS



Frebrrcrson, Danrer C, ELecTrRONIC PACKING FRUSTRATION IN COmPLEX
INTERMETALLIC STRUCTURES: THE ROLE OF CHEMICAL PRESSURE IN
CArsAG7. TournaL OF THE Amerrcan Cuemrcan Socrery. 20ll, vo,

133, pe. 10070-10073.

Coca-Cora Crassrc, Actron Comrcs, Star Wars Epsrope IV. CSI:

LAs VecAs, THIS PAPER., THIS IS THE ORIGINAL INTRODUCTION TO THE
IDEA OF CHEMICAL PRESSURE, CALCULATED WITH HUCKEL THEORY INSTEAD OF
THE CURRENT METHOD THAT USES DewsrTy Functrona. Tweory (DFT).
PRACTICALLY SPEAKING, ALL THAT MEANS IS THAT IT IS LESS ACCURATE, BUT
EASTER TO USE BECAUSE WE DON'T HAVE TO WORRY ABOUT THE FANCY
SCISSORS AND CUTTING UP SPACE, THIS PAPER LAYS OUT THE METHODS AND
IDEAS BEHIND CHEMICAL PRESSURE, AND THEN APPLIES THEM TO A CALCIUM—
STLVER COmPOUND, CarAG7.

Frebrrcxkson, Danrer C, DF T-CuemrcAL Pressure AnALysrs: VIsvaLrzrne
THE RoLe oF ATomrc Srze In SuaPING THE STRUCTURES OF INORGANIC
MaTerzALs, JournaL OF THE Amerrcan Cuemrcar Socrery, 2012, vou,
134, re. 599/-5999.

A FOLLOW—UP TO THE PREVIOUS PAPER, THIS ONE INTRODUCES CHEMICAL

PRESSURE POWEReD 8y DF T. IT GOES THROUGH THE SAme exampLe, Ca2Aa7.

JUST LIKE THE COMPOUND IN THIS COmIC, CA)AG7 IS BASED ON THE

CaCus TYPE; STRONTIUm AND ST VER FORm CaCus-Tvre SrAGs. CALcIum s

SMALLER THAN STRONTTUm, AND THE CAJAG7 TYPE PROVIDES A FEW CLOSE

EA—AG CONTACTS TO MAKE UP FOR THE STRESSES we SEe IN CaCus-TyPE
AAGS.

EnceErkemIEr, J.; Berns, Veronrca M. Frebrrckson, Danrer C. Frast—
PRINCIPLES ELUCIDATION OF ATOMIC ST2E EFFECTS USInG DF T-—
CHEMICAL PRESSURE ANALYSTS. OrTGINs OF CA36Sn23's LONG—PERTOD
SUPERSTRUCTURE. JOurNAL OF CHemICAL THeory anD Compurarron, 2013,
vo.. 9, ra. 3I70-3I80.

THIS PAPER TELLS ANOTHER STORY ABOUT CHEMICAL PRESSURE IN A CALCIUM—
TIN COMPOUND, AGAIN, CALCIUM ISN'T THE RIGHT STZE FOR A SIMPLE
STRUCTURE, AND EVERYTHING IS HAPPTER IN A MORE COMPLICATED
ARRANGEMENT, I N THIS CASE, THE HYPOTHETICAL SIMPLE STRUCTURE HAS
CHAINS OF TIN TETRAHEDRA WITH CALCIUM IN THE mIDDLE, 8uT THE CA
ATOMS ARE HELD TOO CLOSE TOGETHER FOR THIS COMPOUND TO EXIST, THE
STRUCTURE THAT WE ACTUALLY CAN MAKE OUT OF CALCIuUm

AND TIN OCCASIONALLY INCORPORATES AN OCTAHEDRON

THAT GIVES CALCIUM MORE ROOM, | HTS PAPER ALSO

HAS A BUNCH OF COOL MATH AND DEVELOPS THE

THEORETICAL METHODS BEHIND CHEMICAL PRESSURE,

AND CHRONICLES A DRASTIC IMPROVEMENT TO

our “Fancy scrssors”.



Berns, Veronrca M.; Frebrrckson, Danzer C,
ProBLEM SOLVING WITH PENTAGONS:
TsSAaT-TvPE QUASTCRYSTAL AS A STRUCTURAL

Response TO CHEmMICAL Pressure. INORGANIC
Cuemrstry. 2013, vou. 52, re. 12875-12877.

THE LAST FEwW PAGES OF THIS COMIC ARE
PRETTY MUCH STRATGHT FROM THIS PAPER, BUT
THE PAPER GOES INTO MORE DETAIL, IT SHOwWS
THE CHEMICAL PRESSURE PICTURES FOR THE
uyPoTHeTTCAL CACuS- TvPE "CaACDS” AND
COMPARES THEM WITH THE CHEMICAL PRESSURES OF THE QUASTCRYSTAL
APPROXTMANT CACD6. THE ULTIMATE CONCLUSION TS THAT THE PRESSURES
ON THE CALCIUM DRIVE THE TRANSFORMATION INTO A QUASICRYSTALLINE
APPROXTMANT. THE CACUS TYPE IS BASED ON HEXAGON RINGS, AND CaCD6
IS BASED ON PENTAGONAL RINGS, | HE QUASICRYSTALLINITY COMES FROM
TRYING TO CRAM A BUNCH OF PENTAGONS TOGETHER TO FILL SPACE.

Berns, Veronzca M,; Encerkemrer, J., Guo, YImIng; KILDUFF, [3RANDON
J.; Frebrrckson, Danter C, Procress In VIsuALrzing Atomrc Srze
Errects WITh DF T—-CHEmICAL PrEssure ANWALYSTS, From ISOLATED
AToms TO Trewps In ABS INTERmETALLICS, JOuRNAL OF CHEMICAL
THeORY AND COMPUTATION, YEAR, VOL, PG,

OCCASTIONALLY WE FIND THE NEED TO UPDATE THE METHODOLOGY OF THE
CHEMICAL PRESSURE TECHNIQUE, | HTS PAPER BRINGS US EVER FANCIER
SCITSSORS, BUT MORE TIMPORTANTLY IT CORRECTS FOR A DISTORTION IN OUR
CHEMICAL PRESSURE MAPS THAT WE DIDN'T KNOW WE HAD. T HIS WAS DUE TO
A MISMATCH IN THE GRIDS DURING THE CALCULATION, ONCE wWE REALIZED
WE WERE INADVERTENTLY DISTORTING THE GRID, WE FIXED IT. | HIS PAPER
SHOWS THAT OUR OLD METHOD GAVE US A NONSENSICAL STORY FOR COMPOUNDS
N THE MoCu2 TYPE, BUT OUR NEW METHOD ALLOWS US TO ANALYZE THESE
STRUCTURES THAT WERE ONCE TROUBLESOME,

T acarurA, HIrOvukr; PAy Gomez, Cesar; YAmamoTO, AkIzr; De [Borsseauv,
Marc; Tsar, An—PanG, ATOmMIC STRUCTURE OF THE [3INARY ICOSAHEDRAL
Y8-Cb QuasrcrystaL, Nature Materzacs, 2007, vo., 6, re. 58-63,

Tsar, An—PanG; Pay Gomez, Cesar, QUASICRYSTALS AND APPROXIMANTS IN
Co—-M Svstems anp Rerated Avrovs, In Hawpegooxk oF MeTaL Puvsrcs,
Evrsevrer, 2008,

WE OFTEN RELY ON PERTODICITY TO GET ATOMIC POSITIONS OUT OF
CRYSTALLOGRAPHY EXPERIMENTS, BUT THESE GUYS FIGURED OUT HOwW TO GET
A STRUCTURE FOR A QUASICRYSTAL, THe SHORT PAPER FROm NATURE
MATERTALS TALKS ABOUT WHY IT WAS NECESSARY TO DO THIS IN &
DIMENSIONS (THE TLDR Answer Ts “mATH”), BUT THE BOOK CHAPTER

GIVES A GREAT OVERVIEW OF THE WHOLE FAMILY OF RELATED COmMPOUNDS
WE'VE FOUND, SOME OF WHICH WE RE ABLE TO UNDERSTAND WITH OUR HUMBLE
3 prmensTons, LIke CaCpb.



SuabLe, AreerT R, GESTATION PERIOD IN THE PORCUPINE, ERETHIZON
DORSATUM DORSATUM, JournAL OF Mammoroagy. 1948, vor, 29,
re. 162-164.

IF YOu LOOK UP THE GESTATION PERIOD OF A PORCUPINE ON W IKIPEDTA,
T wrie sAy /I3 pavs, THAT was THe serTer In /928, sased on THE
TIME BETWEEN SOMEONE'S OBSERVATION OF A LADY PORCUPINE MATING WITH
A MAN PORCUPINE, AND THAT LADY—PINE GIVING BIRTH, [But I~ /948,
ALBERT SHADLE CHANGED OUR UNDERSTANDING OF PORCUPINE GESTATION WITH
A VERY CONTROLLED EXPERTIMENT, HE ISOLATED A PAIR OF LADY PORCUPINES,
AND LATER INTRODUCED A MALE, AFTER THEY BRED, THE FEMALES HAD NO
OTHER CONTACT WITH mALES, AND IT Took 209 anp 2/7 bAvs FOr THE
PORCUPINE BRABIES TO BE BORN, I DEALLY HE wWOULD HAVE GOTTEN MORE THAN
TwO DATA POINTS, BUT LATER STUDIES CONFIRMED HIS OBSERVATIONS,
SUGGESTING THAT THE ESTIMATION OF /I3 DAVS wAS INCORRECT.
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THIS COMIC BOOK COULDN'T HAVE BEEN MADE WITHOUT THE HELP OF
SO mANy PEOPLE, Numeer ONE TS PrOFESSOR DAnny FREDRICKSON, my
PuD ADVISOR AND THE GUY WHO SO BRILLIANTLY CAPTAINS THE CP SHIP,
OrF AL THE THINGS I WILL TAKE AWAY FROM GRAD SCHOOL,

YOUR KINDNESS AND ENGOURAGEMENT HAS MEANT THE MmMOST.

I' BEYOND LUCKY TO HAVE HAD KALE ENGELKEMIER AS My COWORKER
on THE CP CODE. THEY'VE ALSO HELPED EDIT THIS BOOK, AND BEEN
A FANTASTIC FRIEND FOR THE PAST THREE YEARS.

YTmInG GUO TS A BRILLTANT SCTENTIST AND AN ALL—AROUND GREAT
PERSON WHO HAS WITH KALE WRITTEN A LOT OF THE CP PROGRAMS,

To KALe, YImING, AND THE REST OF THE FREDRICKSON GrOUP-
BrANDON KILDUFF, VINCE YANNELLO, ANASTASIVA VInOKkuR,
Katre Hrviexe, Rre FrebrIckson, Amerta HabDLER,
ArTHur WHITE, NTck Harrrs, Mixke SAPrro, anD TIm STACEY:
I COULDN'T HAVE DREAMED UP A BETTER GROUP OF PASSIONATE AND
INSPIRING PEOPLE TO WORK WITH, MAY YOU FUMP AND ALWAYS GO,

AstLAN MUSANTE LENT HER SCIENTIFIC AND CREATIVE mMIND AS AN EDITOR,
JosH KLemOns IS A BIT MORE REMOVED FROM THE WORLD OF SCIENCE,
BUT HES BEEN AMAZING AT HELPING EDIT AS WELL,

ANOTHER BIG THANKS TO mY MANY DRAFT—READERS
AND ENCOURAGEMENT—PROVIDERS. ESPECTALLY MAX,

AND FINALLY, THE LAST THANK YOU GOES TO YOU, FOR IUMPING INTO
THIS LITTLE BIT OF THE SCIENTIFIC wWORLD, I SET OUT TO MAKE SOMETHING
THAT WOULD BRING THE TOY AND WONDERMENT OF CUTTING—EDGE SCIENCE TO

MORE PEOPLE, AND YOUR CURIOSITY WAS THE LAST PIECE OF THE PU2Z2L.E,




