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Over the past decades, electronic components are made smaller and smaller. Further minimization is difficult due to physical
limitation of materials and manufacturing process. On the other hand, organic molecules can be designed and synthesized at
atomic-precision. The establishment of break junction (BJ) methods made measurement of electronic properties of single

molecule possible. Under this background, organic molecules are expected to become alternatives of conventional electronics.

Among the electronic components, rectifiers, i.e. diodes, are one of the most basic and important components that conducts
in only one direction. The first theoretical molecular rectifiers were proposed by Aviram and Ratner in 1974, which contains an
electron rich part (donor) and an electron poor part (acceptor). Since then, many molecular rectifiers are proposed, including
perpendicularly connected porphyrin-imide molecule which has localized molecular orbitals due to its spatial structure. Although
the single molecule rectifying behavior of porphyrin-imide was confirmed by mechanically controllable break junction (MCBJ),

the experimental rectifying direction of electrons kept unknown due to the limitation of molecular structure
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Figure 1 (a) Porphyrin-imide molecule researched in this thesis (Por-Im-SH). (b) Ball-stick model of porphyrin-imide. (c)
Dihedral angle between porphyrin plane and naphthalenediimide plane.

This thesis focuses on determining the rectifying direction of perpendicularly connected porphyrin-imide molecule (Figure
1). Determination of the rectifying direction of porphyrin-imide is a key step to resolve the rectifying mechanism of porphyrin-
imide.
Chapter 2 introduces experimental details of
Porim-SH in Mesitylene 0.100V

the thesis. In addition to synthesis and theoretical Total: 1985 Traces. . Cluster 0202 Traces. 14% Cluster 1 - 350 Traces. 17%
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calculation, measurement technique and data 8
No clear peak

analysis technique used in this thesis are described

Count / Trace
Count / Trace
Count / Trace

in detail. In order to keep the molecular orientation
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blinking method was used to detect molecular
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junctions. A measurement system was set up on .

base of a scanning tunneling microscope (STM).
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The system is capable of automatic single

molecular junction detection and /-V curve
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measurement.  Moreover, an  unsupervised

clustering program using K-means algorithm was  pigyre 2 Histograms of raw break junction data showing no clear

developed to help analyze the data from break conductance peak (top left) and result clusters that showing clear

Jjunction measurements and /-V measurement. This ., quctance peaks.

program helps to reduce workload of processing




and selecting the huge amount of data produced from single molecular measurements as well as cognitive bias introduced in
manual selection. The clustering program is found to be useful in multiple cases including break junction data and /- data
(Figure 2).

Chapter 3 introduces molecular design and synthetic schemes of porphyrin-imide molecules. To accomplish the target to
control molecular orientation during measurement, porphyrin-imide with asymmetrically protected thiol anchoring groups and
porphyrin-imide with asymmetric anchoring groups were designed and synthesized. Porphyrin-imide utilizing porphyrin ring

and thiol group as anchoring groups was chosen for theoretical study and measurement (Figure 1a).

Chapter 4 introduces theoretical studies of porphyrin-imide include density function theory (DFT) to study the possible
anchoring conformations of porphyrin-imide between gold electrodes. The conductance of porphyrin-imide at zero bias was
calculated by Non-Equilibrium Green Function (NEGF).

Porlm-SH on Substrate

Chapter 5 introduces measurement of Por-Im-SH using oo Total:09 Traces. . . Cluster 0- 35 Traces. 36%
STM break junction (STM-BJ) and blinking methods. Collected ' ; V
data were processed with unsupervised clustering to help
analysis. Both STM-BJ and blinking method showed Por-Im-SH
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show different /-V shapes (Figure 3). When Por-Im-SH is z:s :‘:

attached to STM substrate, the current is higher at negative bias, o o

and when Por-Im-SH is attached to STM tip, the current is R N

higher at itive bias. Thi that th tifying direction i . .
igher at positive bias. This proves that the rectifying direction is Figure 3 2D histograms of raw IV curves (top left)

0 the directi £ from imi hri

in the direction of from imide part (acceptor) to porphyrin part and clustered result (rest). The clustered results show
d Fi 4), which is th directi th tical NEGF . T . .

(donor) ( 1gur.e ) which is the same direction as theoretica different /-V shapes, indicating multiple possible

calculation (Figure 5).

junction conformation.
The result of this results provided important information on
rectifying behavior of porphyrin-imide molecules to reveal the rectifying mechanism. These results cannot be obtained without

help of the new set up measuring system and unsupervised clustering. Further study about rectifying mechanism is under

nvestigation.
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Figure 4 2D histograms of rectifying ratio of Por-Im-SH show opposite shape when Por-Im-SH is attached to
either substrate or tip.

£ 05 Figure 5 Calculated /-V of Por-Im-SH curve by
gz: NEGF. Bias voltage is defined as the voltage on
-0 imide side of the molecule.

-2.0

-0.2 -0.1 0.0 0.1 0.2
Bias Voltage / V




kK
WAEEOKEOEE R UMY

K 4 ( 73 A (Zhijin Chen) )

(Hik) IS 4,
3 % i INIER
AR A
" Rl % i th s 2
al % % R
BEEORRENDEYS

B — 4y 7 #E5 71L, Aviram-Ratner (AR) 7% 1974 FEICH —4r TE TR T O AlRetE &2 IR LI RRICIRE L7
HREETHETTHDH, 2009 FFICEBRMICHE —5 7R TPHEIET 2 Z ENRREINTZN, ZOEEIT AR B RE
L7z DLITRR-TEBY, OB EOFMHUYORELITH AW TH-oT, AR DREBOREIZ. 4
FRRF—Ey L7 787 Z =S 0PNLTEY, ZNENDHTHEDO LSV OENEREORRE & 7 5
LT DLDThoTN, EEFEIZED XD RN EIET 5 & O FERIICHERIEILITWVE LI 57,

BRECIE. CoREICER Y Ml 7zo,

(1) FF=8 (Krz40v) &72772—% (4 IF) PEER/KALEZRL, BEICRDbOLEZ I L
ToODOHMAHBLFMZ L ZPEE RO T EARL 2, ZNICX Y B RIEGLZ RAKR I
Lo P —#eT7 7272 8o THEDEL ) 2 T2 LICHYIL %,

(2) H—o7TERKFEZHFHT 220 CIfflbRL TRk T L -7y v 7y avikTid, EiGe
BREOGENAKE S, HIEPCH TS 2 (R H 572, ThEH LD ICEBEBRTOILN
BNXL 37 )V vy 7EEHCEERZITO QAL EREFEOUE L HENAIE 7w 77 L 2 BHF
L7,

(3) ®BLoBEAHSERIZFALT 4 ) VEBMIEBOSR-STHEAGa Yy 7+ A —Y a VARAEETH
D, 20Dt BOLbN2EBOGBEY -2 B3RO, 2ho 2 REIMNICHMET 2 720 T B E
L2327 — 4@ EiTv, WHERZES TEEE 2RO, TNZThoBTE-ERFEZES L ICRIIL
77

(4) ZhooEBRICXY, THEALSE-STEAa VY IZ+A—vaviiBnTid, BTHET 7+ 7 % —{
DOANBSTPMLEENEL 2B TEAESRONE L ZHL I Lz, THiF. AR DRE
L7oEEH  — BT 28K FMThH 5,

(5) FF—-T2%7%— - NABFROIEURET VM, V2 ) — v BEBEE v 2 EEKE
DIEEEZFHEL, [EEE, BRI DERER—HET L L 2R,

INHIREY, HTHEL LI X 2IENHCEREORFVLARTHI L E, RYUIDOIEE,» L4 0K
ERVICEBNICHEOLLICTAILIERILE, CORERFT  YHEOREE LTCEELZDDOTH Y, A
I (BRR) OFMHRXE LT HAMEOH Db D LD 5,





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


